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ABSTRACT
Hepatomegaly is common in infections. An increase in
liver mass, which cannot be accounted for by the net
increase of hepatic protein and lipid contents, has been
reported to be a cornmon tumour necrosis factor a (TNFa)-
mediated host response after such stress stimuli as
endotoxemia, sepsis, trauma and chronic inflammation in
either tasted or ted rats. The increase of hepatocyte
volume has also been associated with, in experiments in
.Y.ilJ:Q., alterations in hepatic metabolic functions such as
protein and carbohydrate metabolism. There are, however, no
previous studies carried cut on alterations in liver mass
and hepatocyte volume in YiY2 as a host response of
endotoxic animals which undergo profound metabolic changes
in liver.
In this study, a single intraperitoneal injection of
g. ~ lipopolysaccharide (LPS, 0127:B8) at a sublethal
dose (3 mg/kg, LOs) was found to introduce a generally timc-
and dose-dependent increase in hepatic mass and water
content of fasted rats compared to corresponding saline-
injected controls. Twenty-four hr after LPS treat.ment, the
absolute and relative weight of J Ivers removed by complete
hepatectomy remain unaltered iro fasted endotoxic rats but
they decrease by 20' in the fasted saline-controls, compared
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to that in the normal rats fed Al1 l..i.b..i..t..Y. The difference
in the mean liver weight between the endotoxin- and saline-
treated animals is 2.0-2.5 g, i.~. 20-25% of the total liver
mass of 300-350 g rats. The hepatic wet/dry weight ratio is
signi £lcantly higher in endotoxic livers than that in the
other two groups. The hepatic water content increases by
almost the same extent (27%) as the increase (26%) in the
total liver mass 24 hr after treatment, indicating that the
effect of E. ~ LPg is mainly on the hepatic water
content, rather than on the dry mass components.
Analyses of hepatic dry mass components and hepatic
cellular spaces show that only one third (0.79 g) of the
increase (2.18 g) in the total liver mass can be accounted
for by the net increase of the dry mass components (0.38 g)
plus the blood/plasma and/or interstitial fluid (0.41 m!) in
the extrahepatoccllular space; and hepatic ~ content, the
predominant intracellular cation, increases by 25%, 24 hr
after LPS injection. These suggest that an expansion of the
hepatocellular space is mainly responsible for the increase
in the liver mass of endotoxic rats. This hypothesis is
also supported by morphometric data from an image analysis
system demonstrating that the mean transsectlonal area and
the mean volume is 8% and 12% larger, respectively, in the
mononucleate hepatocytes from the endotoxic livers.
The phenomenon of increases in the hepatic mass, water
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content and wet/dry weight ratio after LPS treatment can be
reproduced by a single intravenous administl'ation of rhTNF-a
(25/.'9/250 9 B.W.) and prevented by the pretreatment of
endotoxic rats with an intraperitoneal injection of goat
anti-mTNFQ serum (20 mg/JOO g B.W.). The mean
transsectional area and mean volume is 11% and 17' larger,
respectively, in mononucleate hepatocytes from the livers of
endotoxic rats treated with goat non-immune IgG compared to
the ant.i-mTNFQ serum-treated rats. These data suggest that
effectli of .E. ~ LPS on the increase in hepatic mass and
hepatocyte volume are mediated by cytokine TNF-a.
Twenty-four hr after I;;: • .!iQJ.:l LPS injection, the
concentrations of hepatic adenine nucleotides in the
endotoxic rats are not significantly different from either
the saline-controls or the normal fed rats. There are no
significant changes in the activity of SGPT or in the plasma
ratio of lactate/pyruvate and B-hydroxybutyrate/acetoacetate
during the 24 hr after LPS injection. Tho~e Observations
al:gue against "compensatory hyperplasia" resultinl"J from
a.cute liver damage due to direct endotoxin toxicity or
'nepatocyte swelling due to tissue hypoxia and impaired
energy status in the liver. Metabolic changes mediated by
inSUlin, TNF-cz and/or other "hepatotrophic factors" ma.y be
responsible for the increase of liver mass after £.. £Qli LPS
administration.
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CHAPTER 1
l:NTRODUCTION
CHAPTER 1. INTRODUCTION
General Introduction
rnfection and Bost Response
Infection is the presence of pathogenic microorganisms
or their toxins in the blood and tissues of the host
(Renayl, 1990). It occurs as a primary pathologic process
or a complication with other disease states, such as trauma
(surgical or accidental injury). Severe bacterial infection
of the mammalian bloodstream can lead to sepsis (Wichtenan
~ Al., 1980). The most common bacteria among those with
important clinical significance are the gram-negative
bacteria, such as Escherichia J:ili (~. £Qli), which contain
endotoxins /lipopolysaccharides (LPS). The toxicity of
gram-negative bacteremia was originally attibuted to the
effect of endotoxin, but endogenous cytokines,
cachectin/t.umour necrosis factor-a (TNF-a) (Beutler II
cerami, 1988; Old, 1987), interleukin-l (IL-l) (Fang llllo,
1989) and IL-6 particularly (Bvans §.t. AJ..., 1989), rathQr
than LPS itself are now known to mediate the pathogenesis
during endotoxemia (Tracey II li., 1987; Warren ~ &.,
1988). In normal animals or healthy human sUbjects, the
acute inflammatory responses, induced by the administration
of either endotoxin/Lpg or recombinant TNF-a that is
virtually endotoxin-free, are often indistinguishable from
each other (Tracey Jrt. li., 1986; 1989).
Infection causes a variety of defensive reactions of
the affected host. The host response consists of metabolic
and hormonal alterations that maintain and restore
physiological homeostasis. They have been collectively
termed the "acute phase response" (Jl:ushner, 1986), including
fever, leukocytosis, increased hepatic gluconeogenesis and
plasma protein synthesis, enhanced release of amino acids,
mainly alanine and glutamine, from skeletal muscle, and
redistribution of serum divalent cations. The accelerated
net breakdown of peripheral tissue with concomitant
enhancement of hepatic anabolism represents altered
priorities in carbon and energy utilization as an adaptation
of the host for survival (warren §.t Al., 1987). These
metabolic adaptations; have been attributed, in part, to the
elevation in the plasma levels of glucagon, inSUlin,
glucocorticoids and the catecholamines (Wilmore, 1976;
Warren n u., 1988).
Although the host responses after infection vary with
the type and severity of the inSUlts, they are usually very
similar, suggesting a systemic response regUlated by a
common mechanism. This mechanism, however, is not yet fully
understood (Beisel, 1975; (Joldatein, 1989). It is for this
reason that clinical manifestations, metabolic changes and
their interrelationships have continued to be the focus of
studies on trauma and/or infection.
Aniaal Kodels for experi.ental study of Bacterial Infection
The diversity of diseases, organisms and other
variables in clinical infection makes it very difficult to
perform controlled studies. Over the past few decades, the
following animal models have been used to simulate the
clinical infection and septic situation (Wichteman n u.,
1980) •
1. The intravenous infusion of concentrated live
organisms to produce bacteremia (Postel §t Scboloerb, 1977);
2. The placement of infectp.;d foreign materials into
soft tissues (g.g. muscle, skin) or abdominal cavity to
introduce prolonged abscess ('1'hal gt. li., 1976; Bartlett II
ill., 1978);
3. The implantation of fecal materials or live
organisms into the abdominal cavity to produce peritonitis
(Perk••b II li., 1970; Brov:ne II Leslie, 1976);
4. Surgical operations that partially destroy the
normal barriers of the gastrointestinal tract to cause
peritonitis, such as bowel infarction or perforation, caecal
ligation plus punctures (Perballini II li., 1978; Wiebterman
.!i!t Al., 1980)
5. The administration of purified LPS and/or
recombinant cytokines (cachectin/TNF-o:, IL-1) (Evaus n Ai.,
1989: pong lill., 1989: Levin n A.l., 1988; Micbiell Sll.,
1988; Tracey n .Al.., 1987; 1988; 1989; Warren II li., 1987;
1988) •
Although none of these animal models can precisely
mimic the features of clinical infection, the
administration of LPS has been a widely-used reproducible
model, comparatively convenient, economical and less
biologically hazardous, especially suitable for acute
experiments stUdying tissue and cell metabolism in small
animals (Waiebren, 1964; MacNicol g.t. Clovers, 1972). Among
the variety of bacterial, .... iral and parasitic products which
are capable of causing macrophages to release TNF-a,
bacterial LPS appears to be the most potent stimulus to
induce in the host widespread alterations of the acute phase
response comparable to those reSUlting from TNF-a (Micbie !itt
tl., 1988; Tracey ~ li. I 1988).
origin of This study
Since the pioneering work of Cuthbertson (19:10), a
great amount of information from experimental animals
inclUding the bacterial endotoxin-treated rat has become
available and has added to our understanding of the
physiological and the biochemical changes in bacterial
infection. Alterations of liver mass and hepatocyte volume,
however, have not been reported as a host response to
endotoxelllia. Although liver and spleen are known to be the
major organs for the distribution and degradation of
bacterial endotoxin (Preudenberg n Galanoa, 1988), and
hepatomegaly is common in gram-negative bacteria infections
(Holdatock n li·, 1985), the mechanism which causes the
enlargement of liver at the cellular level has not been
elucidated.
A few studies have described significant increase in
the liver mass in experiments on animal models of sepsis
(Pedersen ~ li., 1986), endotoxemia (Jepson.!it AJ.., 1986),
trauma (wust.ellll&n II .ill., 1990), chronic inflammation (vary
gt. Itimball, 1992) or recombinant human tumor necrosis
factor-a (rhTNF-o.) (!'eingold II Grunf"eld, 1987), but the
focus of those studies was largely on changes in protein
synthesis or lipid metabolism, and thE! net increasE! of
hepatic protein or lipid content reported could not account
for the increase in the liver mass. In a preliminary
experiment originally conducted to stUdy interorgan fuel
metabolism, we found a similar increase in rat liver mass,
as compared to the saline-control group, after
administration of E. W1 endotoxin. These observations
coincided with a number of recent studies implicating
altered liver cell volume and/or volume regUlatory responses
in the regulation of metabolism in the liver. In
experiments in Yi.tJ.:2. the increase of hepatocyte volume has
been associated with inhibition of hepatic glycogenolysis,
glycolysis and proteolysis, and stimulation of hepatic
glycogen synthesis, amino acid uptake, ureogenesis from
amino acids and protein synthesis (Baussil1ger II Lang,
1991). There are, however, few published studies on
altered hepatocyte volume in YW and no information is
available for the endotoxic animal which undergop'8 profound
metabolic change in the liver.
The present study was designed to examine the
phenomenon of an increase in hepatic mass, as compared with
corresponding saline-controls, in fasted rats treated with
&;. £Qli. LPS.
Endotoxip. ILipop01V9Il(;cborides LPB)
History
One hundred years ago, Richard Pfeiffer found, in his
pioneering study. that the lysates of heat-inactivated gra1l'l-
negative bacteria exhibited toxicity and caused fever.
hypotension, shock, disseminated intravascular coagulation
and death. He postulated that the toxic principle was
present within the bacterial cells and therefore termed it
endotoxin (Pfeiffar. 1892). In subsequent studies,
however, endotoxins were shown to be localized on the
surface of bacteria cells and to form, together with
phospholipidS and proteins, the outer membrane of c;:ram-
negative bacteria. Andre Boivin first isolated endotoxin
and discovered that bacteria which produce endotoxin were
all of the gram-negative type (Boivia n .earobunu, 1935).
This led to numerous studies of endotoxin administratlon to
laboratory animals and human sUbjects.
Relationsbip of LP8 c.truoture to Bloloqicll1 Activity
The extraction by a phenol-water or phenol-chloroform-
petroleum ether procedure combined with other purification
steps yields endotoxin preparat.ion free of nucleic acids,
proteins, phospholipids and other bacterial cell components.
Hiqhly-purified endotoxin chemically consists of
lipopolysaccharide (LPS) (Boivin §.t. Hesrobeanu, 1935;
Westphal ~ li., 1952). Various endotoxins share a common
architecture of a polysaccharide component and a lipid
portion (Lipid A) (Pigure. 1.1.).
The polysaccharide component consists of an
oliqosaccharide core linked with a-specific chain. The
a-specific chain 1s made up of many repeating oligo-
saccharide units. As the surface antigen, it is unique for
a given LPg and its parental bacterial strain. There exists
as many serotypes of LPg as the diversities of individual
r" ....", ..,:
Polysaccharide [,11,\·1
-0 1 -<l ••".00 .
~ long-cbainfattyacld
Figure 1.1 scbematic structure of an enterobacterial
lipopolysaccharide (Modified from Brade
Yo. il. ,1988)
monosaccharides within a repeating unit (Brad• .§.t U.,
1988). The core region consists of a hetero-oligosaccharide
and has very little structure variability compared with the
O-specific chain. In J:: • .!£2.li and~, only six and
one core type, respectively. have been described 50 far for
more than one hundred different serotypes (Brade n Al.,
1988). The oligoE:i:l.ccharide core is also related to the
antigenicity of LPS. The lipid A-proximal inner core region
19 now known to trigger the production of TNF-a and IL-l
(Levin fi tl., 1988).
Lipid A is a complex molecule which harbours a
hydrophilic region containing bisphosphorylated
D-glucosamine disaccharide and a lipophilic region
containing fatty acids. studies using chemically synthetic
E. £2li LPS revealed that the lipid A portion is the essence
of the LPS effect, .i.g. the minimal structural requirement
for the full expression of endotoxicity of LPS (Brade n
li., 1988).
Metabolic Fate of LPB
The release of LPS from the outer membrane of gram-
negative bacteria may occur with or without the killing of
bacteria by natural death and/or bacteriolysis mediated via
antibiotics, complement or phagocytosis (Lovin ~ AJ.. ,
1988). The clearance, distribution, degradation and
elimination of endotoxins have been investigated on rats in
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Y.iY2 using biosynthetic LPg unifortllly labeled by 14C
(Mathison II Dlevitcb, 1979) or double-labelled by 3H (fatty
acids) and 14C (sugars) (Freudenberg.!lt Galanos, 1988).
1. Clearance. The rate of LPS clearance is
independent of the dose, but dependent on the chemical and
physiological properties of the LPS injected (Freudenberg n
Al., 1984). LPS present in the plasma compartment is
partially bound to high-density lipoproteins (HDL) and
remains in this form until it is cleared from the
circulation. Since the free LPS is incorporated into cells
much more effectively, the LPS (tIll - minutes) in unbound
form is cleared from the circulation much faster than the
LPS in bound fortll (t1J2 '"' hours) (FreUdenberg,g,t Galanoe,
1988) •
:z. Distribution. The highest tissue concentration
of unbound LPS was found in the liver and spleen. In the
rat, 80t of the unbound LPS is found in the liver after 5
hr. The LPS associated with HDL accumulates in the liver
more slowly and to a significantly lower extent (about <13\
on after J days). The highest concentration of bound LPS is
found in the spleen followed by the liver and adrenal
glands. The unbound LPS in the liver is first taken up by
sinusoidal cells, hepatocytes and granulocytes, whereas
bound LPS only by sinusoidal cells and granulocytes. Both
bound and unbound LPS pass ultimately from sinusoidal cells
11
to hepatocytes (rreu4eDberq itt Al.., 1982).
3. Degradation. Although LPS may circulate in
experimental animals for a long time, no evidence for
chemical degradation or detoxification in plasma was found.
Despite the differences in distribution, liver, by virtue
of its mass, is the main clearance organ for both bound and
unbound LPS. Experiments with double labeled LPS showed the
vast majority of injected LPS was found in liver macrophages
and granulocytes, and the cleavage of fatty acids in Y1Y2.
occurs in all LPs-containing organs. It is not known at
present whether hepatocytes contribute to the chemical
degradation of LPS (Freudenberg n Galanos, 1988).
4. Elimination. Partially degraded LPS is slowly
excreted from the body mainly through the gut and discharged
in faeces. 20-30\ of LPS can be collected in faeces during
14 days after injection. Another route of LPS excretion
through the lung was reported via the migration of
macrophages carrying LPS to the lung and passing into the
alveolar and bronchiolar space. A small amount (4-7\ during
14 days) of LPS-label is excreted in urine, which represents
mainly small molecular weight metabolic products
(Freudenberg n Galanolll, 1988).
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Tumour Necrosis rlotor a ITNF-q) Ind Endotoxemh
The observation that serum from animals treated with
endotoxin contains proteins that cause the hemorrhagic
necrosis of tumors led to the discovery of tumor necrosis
factor (TNF) (Carswell.!lt. ll., 1975), a cytokine produced by
stimulated macrophages ....hich has been sho....n to be toxic to a
variety of malignant cells (014 £t Al·, 1986; PeDniea tl
li., 1984).
BiochemIstry ot TNF-a
The TNF family includes t ....o structurally and
functionally related proteins: TNF-a or cachectin and TNF-B
or lymphotoxin. TNF-a is produced mainly by monocytes
and/or macrophages. whereas TNF-B is a prOduct of lymphoid
cells. TNF-g and TNF-B (especially the former) are now
grouped among the major "inflammatory cytokines" or
"monoJdnes". They are produced at the sItes of inflammation
by infiltrating mononuclear cells. The amino acid
sequencing and cloning of the cDNA for the genes encoding
TNF-a have confIrmed that the TNF-a molecUle is identical to
cachectin, a protein factor, which was implicated in the
genesis of cachexia (Beutler n Al., 1985a; 1985b). Mature
human TNF-Cl consists of 157 (156 in murine) amino acids.
The genes encoding TNF-a are approximately 3 kb long,
localized on the short arm of human chromosome 6 and murine
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chromosome 17. TNF-a interacts with high-affinity membrane
receptors in many normal tissues, including liver, muscle,
lung, bowel, and kidney. But the post-receptor events
leading to intracellular responses remain ob£lcure. (Tracey
n ill., 1989; Vilast itt. Les, 1991).
Bialogiaal properties at TNI'-Q
Among the hallmarks of TNF-a is the extremely
pleiotropic nature of its actions. This has been ascribed
to the following: 1) THF-a receptors are present on
virtually all cells examined, 2) THF-a action leads to the
activation of mUltiple signal transduction pathways,
kinases, and transcription factors, and 3) TNF-a action
leads to the activation of an unusually large array of
cellular genes (Vilcek.i.t. Lee, 1991). In general, TNF-a is
a primary mediator both in the pathogenesis of infection,
injury and inflammation, and in the beneficial processes of
host defence and tissue homeostasis. The net biological
effects may be Ultimately beneficial or deleterious to the
host, depending on the quantity produced, the duration of
release and the presence of other mediators in the
environment of the responding cells. Thus, acute systemic
overproduction of TNF-a causes septic shock and tissue
injury, persisting TNF-a production provokes cachexia,
whereas when lesser amounts of TNF-a were released in
affected tissues the beneficial effects may predominate to
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enhance host defence against pathogens and to coordinate
normal wound healing and tissue remodelling. Th.ese sequelae
are synergistically influenced by other cytokines, such as
IL-1, IL-6 and interferon-" ('l'r_cey ~ ill., 1989).
Appearance aDd DisappearaDoe of 'l'NJ"-Q during BDdotOJlem.la
TNF-a is known to be synthesized by various activated
phagocytic and non-phagocytic cells, including macrophages/
monocytes, lymphocytes, natural killer cells, astrocytes and
microglial cells of the brain, and Kupffer cells of the
liver. A wide variety of infectious or inflammatory stimuli
are capable of triggering TNF-a biosynthesis:, .§.g. bacter:l.al
endotoKin/LPS, enterotoKin, complement, virus, fungal or
parasitic antigens, IL-I, and TNF-a itself. During
endotoxemia, LPS appears to be the most potent stimulus
capable of inducing a rapid transcription of nascent TNF-Q
mRNA normally present in resting macrophages (Beutler II
li., 1986). The translation of TNF-a genes, which may be
normally under the control of short-lived suppressor
molecules, is also stimulated in response to LPS, and large
amounts of mature TNF-a can be released into the circulation
within minutes. Persistent exposure of macrophages to LPS
in Y.i1m, however, does not lead to continuous production of
TNF-Q, and biosynthesis is shut off within several hours
(Traoey !ll. Al., 1988; 1989; vilost. II Lee, 1991).
The serum half-life of TNF-a is relatively short (6-20
15
min). Infusion of a lethal dose of LPS in rabbits, mice or
baboons results in the appearance of serum TNF-a levels in
the nanomolar range, maximal levels being detected between
1.5-2.0 hr folloving endotoxin bolus. The circulating TNF-o:
was cleared within 4-5 hr and seru1D levels returned to a
nondetectable baseline value. The highest tissue levels of
radiolabeled TNP-o:, exogenously administered to experimental
animall:J, was found in liver, lungs, kidneys and skin. TNF-a
is rapidly degraded after tissue binding (Beutler n li.,
1985bl Tracey n ill., 1988).
Endotoxin and Liver
Oeneral Liver structure
The rat liver is divided by the ligaments into four
major lobes: the median lobe, the left lateral lobe, the
right lateral lobe and the caudate lobe. The median lobe
and the left lateral lobe are two main liver lobes which,
together, account for about 70t of the total liver mass
(w.ynforth, 1979). Absolute liver weight varies widely
between individuals and species. The hepatosomatic index,
the liver mass as a percentage of body weight, is an
indication of the general involvement of the liver in
pathological processes (CotohiJi Jl.t Roe, 1967). The nOrTllal
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variation of the hepatosomatic index during development in
rat is shown in Tab1. 1.1.
structurally, the basic unit of the liver is the
hepatic lobule. It is composed of a central vein and a
portal triad consisting of the branches of hepatic artery,
portal vein and bile duct. The liver sinusoids are widened
capillaries which carry mixed venous and arterial blood
(Luciano g.t. li., 1983).
Cella in the Liver
Liver cells can be classified into hepatocytes and
nonhepatocytes (such as blood cells, sinusoid lining cplls,
portal tract and bile duct cells, ill.).
Hepatocytes, the parenchymal liver cells, are the main
functional units of the liver. There are about 1.2 x lOll
(Krebs g §l., 1974) to 1.38 x lOll (Carabaza ~ tl., 1990)
liver cells per g of rat liver. The diameter of hepatocytes
varies between 13-30 pm with an average of 25 J.lrn (LeUert ilt.
li., 1988). stereologic measurements based on morphometric
techniques indicate that the individual hepatocyte in the
normal fed rat has a mean surface area of 1,680 J.lm2 and a
mean volume of 4,940 J.lm3 (W.ibe1 g.t. tl., 1969).
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Table. 1.1 Rae Liver Ka.8 Relative to Body lIeigbt
(Modified from cotchin ~ Roe, 1967)
Mean
Body Weight (g)
20
50
75
100
150
200
250
300
350
400
Hepatosomatic Index
(Mean ± SO)
3.72 ± 0.21
6.69 ± 0.78
6.08 ± 1.16
5.96 ± 0.63
5.53 ± 0.49
4.99 ± 0.38
4.42 ± 0.47
3.86 ± 0.55
4.10 ± 0.39
4.04 ± 0.39
'" Male Sprague-Dawley rats of random-bred strain.
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About 99.9' of the blood cells in the liver are
erythrocytes. They are in the blood which mainly occupy the
sinusoidal lumen in the liver parenchyma.
There are four types of hepatic sinusoid lining cells:
(1) Kupffer cells (phagocytic), which reside within the
sinusoid; (2) endothelial cells (pinocytic); (3) Ito cells
or lipocytes (fat and vitamin A storing), which reside
within the perisinusoidal space (Space of Disse), J..~. the
space between the endothelial cell and hepatocyte I and (4)
the pit cells (unknown function) (craig, 1990). Sinusoidal
cells account for about 30' of all cells in the liver and
Kupffer cells for about 10%. Sinusoidal cells are much
smaller than hepatocytes: only 2-10' of hepatic protein is
in sinusoidal cells (Bouwebs ~ Al., 1986).
Hepatio Cellular Spaoes
The total hepatic fluid space consists of cellular and
extracellular compartments. The hepatic cellular
compartment is composed of hepatocytes and nonhepatocytes
inclUding blood cells and sinusoid lining cells. Hepatic
extracellular (or intercellular) compartment consists of the
lumina of sinusoids, interstitial space (mainly the space of
Disse) and bile canaliculi, ldi!.• mainly the volume of blood
and interstitial fluid in the liver. Blood volume equals
the volume of blood cells plus the volume of plasma. The
volume of blood cells accounts for about 45% of the blood
,.
volume and can be measured by hematocrit. The plasma volume
can be calculated by substracting the volume of blood cells
from the total blood volume.
In this thesis, extrahepatocellular volume refers to
the volume of the hepatic extracellular space plus blood
cells. Hepatocellular volume refers to the total
intracellular volume of hepatocytes and nonhepatocytes
except blood cells, which excludes not only the volume of
all components of the hepatic extracellular space but also
the volume of blood cells.
According to a stereological study after vascUlar
perfusion fixation (Blouin g,t i\l.., 1977), the volume of
hepatocytes accounts for 78-80t of total Ilvl;lr fluid space;
and nonhepatocytes account for 6.3t, consisting of
endothelial cells (2.8\), Kupffer cells (2.1\) and fat-
storing cells (0.4%). The hepatic extracellular compartment
accounts for 16-20% of total liver fluid space (Blouin ~
i\l.., 1977: Aria .i.t i\l.., 1988), of which about two-thirds
represent the sinusoidal lumen (10.6%), one-third the space
of Disse (4.9%) and the bile canaliculi (0.4%) (Blouin II
Al., 1977). Hepatocytes are larger than any other cells in
the liver so they account for over 95% of the total hepatic
cellular compartment but only 60-65% of the cell popUlation.
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Liver Growth and aeqeneration
Liver is a highly differentiated organ. In the adult
animal the liver is normally in a state of growth arrest.
Hepatocytes are essentially in Go stage and few
differentiated hepatocytes enter into the cell cycle. This
corresponds to the low rate of hepatocyte aging and death.
However, the liver can be stimulated to grow by a variety of
means, such as extra work load (pregnancy or lactation)
(Buober ~ Xalt, 1971), surgical resection, certain dt'ugs
and toxins or a group of putative hepatotrophic factors,
inclUding inSUlin, glucagon, epidermal growth factor (EGF) ,
vasopressin, triodothyronlne (T]) and portal blood nutrients
(Bucher ~ sl.., 1978).
Liver growth occurs in two ways. Generally, hepatocyte
hyperplasia refers to an increase in cell number, or to an
upward shift in ploidy as occurs in embryonic development;
whereas hepatocyte hypertrophy is defined in terms of an
increase in cell size or protein content without an increase
in genetic substance, But recent studies on cardiac
hypertrophy in human showed that hypertrophic heart muscle
cells are capable of increased DNA synthesis even if they
are unable to undergo mitosis (Bcarpe1.1 n Iannaocone,
1990). The term "hepatotrophic" has been loosely used to
designate the factors involved in both hepatic hyperplasia
and hypertrophy. The hepatotrophic factors are thought to
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act directlY, indirectly or synergistically with each other
to regulate physiologic and pathologic growth of the liver
by mechanisms that are still obscured (Bucher §..t. .alt, 1971:
Bueher II AJ... 1978: Cernell, 1981).
In the rat, partial (67\ of the whole liver)
hepatectomy results in rapid liver cell proliferation
(Rigginll II Anderson, 1931). The residual lobes (33% of the
whole liver) can double in size by 48 hr and the original
liver mass is restored by 7 days. Biochemical changes in
hepatocytes start almost immediately after the resection,
but an increase in DNA synthesis, the index of cell
proliferation, becomes evident only after a 14- to 16-hr
delay, and rises rapidly to a peak at about 22 hr. Mitosis
folloWB and peaks 6-8 hr later. The growth rate diminishes
soon after, gradually ceasing in a few days as the size and
cell population of the liver remnant approximates those of
the original (Bucher g McGowan, 1985; craig, 1990: Leffert
~ Sll.• 1988). This phenomenon has been termed
"regeneration" (Riqgins n Anderson, 1931) but is now more
accurately described as "compensatory hyperplasia" (Bucher
n McGovan, 1985).
The Role of Endotoxin in Liver Injury and Regeneration
Endotoxin has been shown to be a nonlal constituent of
portal venous blood in man (Jacob n al.o, 1977). It comes
from the endogenous pool of endotoxin in the
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gastrointestinal tract. This gut-derived endotoxin can be
released from both the viable and dead gram-negative aerobic
and anaerobic bacteria. It is suggested that sinusoidal
lining cells, especially the Kupffer cells, which con"Jtitute
80-90\ of fixed cells of the macrophage system of the liver,
normally protect the systemic circulation from endotoxin
(Aria §.t al., 1988). systemic endotoxemia occurs only when
liver function is impaired or exogenous endotoxin (,!l.g.
gram-negative bacteremia) is present. It has been
hypothesized that the gut-derived endotoxin initially
"spills over" to the systemic blood when the liver barrier
(mainly sinusoidal lining cell function) is impaired by
liver disease, alcohol, toxicants,~. The systemic
endotoxemia may further damage the hepatocytes and nepat.ic
detoxification in a vicious-cycle manner to increase the
liver sensitivity to endotoxin and cause the extrahepatic
syndrome (Nolan.§! Camara, 1982).
Cornell (1981) proposed that gut-derived endotoxin
represents a physiological negative feedback system that
regulates liver regeneration after acute liver injury. He
reported that systemic endotoxemia introduced either by 67%
hepatectomy, which markedly depressed normal phagocytosis
and degradation of gut-derived endotoxin by Kupffer cells,
or by pretreatment with exogenous endotoxin at 24 hr before
67t hepatectomy accelerated the liver regeneration as
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quantified by [~lthymidine incorporation into hepatic DNA
(Cornell, 1985a). Conversely, the restriction of gut-
derived endotoxin by antibiotics impaired DNA synthesis in
regenerating liver (Cornell, 1985b). Cornell (1981) also
found, in the same study, that the putative hepatotrophic
factors respond similarly to endotoxemia Whether caused by
administration of exogenous endotoxin or by endogenous
endotoxin absorption from the gut after partial hepatectomy.
He hypothesized that the systemic endotoxemia, due to
t1overspilled" gut-derived endotoxin, elicits the secretion
of hepatotrophic factors for liver regeneration so as to
recover the original liver capacity to detoxify endotoxin
(Cornell, 1981).
However, while most studies on the effect of
endotoxemia on liver regeneration were performed on liver-
resected animals, prior intravenous administration of
exogenous endotoxin di...: not affect (lH]thymidine
incorporation into hepatic DNA in sham-operated control rats
fasted for 24 hr (Cornell, 1985a). There seems to be no
evidence that systemic endotoxemia can affect hepatic DNA
synthesis in the intact endotoxic animal, without
hepatectomy.
Liver Histopatbologio Changes atter Endotoxin AdministraioD
The hepatic histologic changes produced by a single
sUblethal but very high dose of .E. ~ LPS (0.5-0.7 rng/per
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mouse, i.p.) in the mouse have been reported to be rather
nonspecific (Levy n Ruabner, 1968). Light microscopy and
histochemistry showed extreme vesiculation of hepatocytes
with vacuolation and swelling of the endoplasmic reticulum
and mitochondria and increased lipid accumulation. The
Kupffer cells had increased number of lysosomes and
vacuoles. There was widening of the space of Disse and
dilation of the bile ducts. The changes were seen as soon
as in 30 min and became less prominent at :~4 hr after
treatment.
Studies Related to Inoreasee Liver Mass
Although hepatomegaly is a common clinical sign in
various pathological processes, there appears to be little
information concerning exactly which cellular components are
responsible for the increased liver mass. The exception is
alcoholic hepatomegaly where it has been clearly
demonstrated that increase in liver weight is accounted for
by an increase in fat (20-30%) and in protein (20%) and the
accumulation of intracellular water (50-60%), with no
significant change in the extracellular water compartment
(Baraona §t. Leo, 1975).
Jepson g li. (1986) described a temporary slower
growth, muscle wasting and hepatic enlargement in response
to a sublethal dose (3 mg/kg, s.c.) of Ii· !C2li LPg (0127:B8)
in rats. The hepatic protein mass increased by about 15.0%,
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from 0.565 t 0.032 9 at 24 hr and 0.561 t 0.035 g at 30 hr
in fasted controls to 0.650 t 0.040 g and 0.647 t 0.034 g in
fasted endotoxemic rats, respectively.
P.4er••n n ll. (1986) reported a 25.6\ increase in
liver weight (7.44 ± 0.13 q) and a 33.2\ increase of
hepatosomatic index (4.41 ± 0.08) in septic rats 24 hrs
after ligation and puncture of the cecum compared with the
controls (5.92 ± 0.11 g, 3.31 ± 0.07 respectively). These
rats were all fasted 24 hrs before the operation. The total
hepatic protein content increased by 18.6\ from 1.18 ± 0.02
g in controls to 1.40 ± 0.03 g in septic rats at the Bame
time.
Wuat811.an n ill. (1990) investigated rats with aseptic
trauma induced by subcutaneous injections of mineral
turpentine. They found that while pair feeding caused a 20\
reduction in liver size, the average liver weight (6.38 g)
of turpentine-injected rats fed a 15\ casein diet was 36.6\
higher at 48 hr than that of pair-fed controls (4.67 g), but
was similar to that of .Ml l.i..b.llYm controls (6.28 g). At 48
hr, the hepatic total protein content of turpentine-
injected rats (1.014 g) was 26.6' more than that of the
pair-fed control group (0.a01 g) but not significantly
different from the ~~ fed controls (0.926 g).
vary n Kimball (1992) studied rats with sepsis or
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sterile inflammation created by induction of a stable intra-
abdominal abscess following the implantation of a sterilized
fecal-agar pellet containing 1;,. &2.li LPg plus either
Bacteriodes~ or an equal volume of sterile saline.
After the intra-abdominal abscess was allowed to develop for
5 days, they found that the liver weights of both the
sterile abscess group (11.28 ± 0.35 g) and the septic
abscess group (11.35 ± 0.43 g) increased by about 24",
compared to the non-operated controls (9.11 ± 0.32 g). The
liver wet/dry weight ratio increased in both sterile and
septic abscess groups (vary n J.l., 1988a, 1988b). While
the protein content per 9 wet or dry liver remained
unaltered, the total amount of hepatic protein per liver
increased by 20", in the sterile abscess group (2.05 ± 0.1:1
g/liver) and by 331 in the septic abscess group (2.27 ± 0.23
g/liver) compared to the nonoperated controls (1.71 ± 0.06
g/liver) .
".ingold ~ Grunteld (1987) found that TNF-CI stimlates
hepatic lipogenesis in the rat in tlYQ. This was
accompanied by an increase in liver mass of 25% from 7.57 ±
0.13 g (control) to 9.18 ± 0.20 g (TNF-a). The content of
liver triglycerides increase from about 7.4 mg/per liver t'::l
16.0 mg/per liver while cholesterol ester content decreased
from about 6.4 mg/per liver to 3.5 mg/per liver.
These studies show that the increase in liver mass is
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a common host response to stress stimuli. The increase of
hepatic protein and lipids cannot account for all of the
increase in liver mass.
Cell VOlume "Ad H'patic M'tabolis.
Cellular life involves the continuous operation of
physiologic mechanisms to maintain cell volume. During the
past two decades, many volume regulatory mechanisms have
been discovered, and found in almost every cell studied
(Boffillann II simonsen, 1989). In the past five years,
however, the alterations in cell volume were found to
markedly influence a variety of metabolic pathways Which are
not primarily related to cell volume regulation. Hepatic
metabolic functions, such as protein and carbohydrate
metabolism, are extremely sensitive to alterations in the
cell volume. This may imply a new principle of metabolic
control in the liver (Biussinger n Lang, 1991).
Chuges in cell VolWlle BOlleostasia
Theoretically, cell volume is changed by an altered
effective osmotic gradient across the cell membrane, which
depends on the intracellular and extracellular
concentrations of each solute. Since water permeability is
very high, in all cases changes in cell volume are brought
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about by movement of osmolytes, which are rapidly followed
by water, to equilibrate the osmotic pressure across the
cell membrane. At constant basal conditions, a change in
the effective osmotic gradient is the only known cause of
altered intracellular or extracellular osmolarity which can
challenge the cell volume homeostasis of the liver
(Hiu••inqer §.t Lang', 1991). Alterations in cell volUme may
occur under the following situations.
Cbang•• in Hepatic Extrace11ular OSDlo1arity
Under physiological situations, hepatic portal venous
blood may become slightly hypo- or hypertonic and the liver
volume has been shown to increase during intestinal
absoption of water (Hiussinqer §t Lang, 1991). However, the
time course of these alterations is usually slow so that
they do not impose a serious burden on liver cell volume
regUlation mechanisms.
C~ange8 in Hepatic Extrace11ular Ion composition
An increase in extracellular x+ concentration reduces
the chemical driving force for x+ efflux and leads to
accumulation of intracellular K'" and depolarization, which
in turn impairs cr or HCO]- extrusion (Kirk n li., 1987;
Lang gt ill. I 1988b). An increase of extracellular HCO]-
concentration, as in metabolic alkalosis, is expected to
reduce the efflux of HCO]' and hyper- polarization , Which
in turn impairs the efflux of K'". As a result, K', Cl" and
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HCO]· are accumulated within the cell with a consequent
increase in cell volume (Bec)[ n ill., 1988).
chang•• in Repatic Cellular XetBbOli••
Hepatic protein and carbohydrate metabolism may result
in formation and disappearance of osmotically active small
molecules, such as amino acids and glucose-phosphate. Since
little is known about the permeability of individual
cellular metabolites, it is impossible at present to
quantify the effect of a given metabolic reaction on cell
volume (Raussinger II Lang, 1991). On the other hand,
altered energy metabolism by hypoxia or toxicity may inhibit
membrane Na'/K"-ATPase and impair the extrusion of Na' in
exchange for K'" across the cell membrane. This leads to
accumulation of Ha' and loss of K" and to depolarization.
and eventually to accumulation of Cl- within the celL The
accumulation of Na' and cr will ultimately result in an
increase of cell volume (Lang n U., 1984; Macknight rt
L.at, 1977).
Changes in Hepatic bino It.cid Transport
The cumulative uptake of osmotically active substances,
such as amino acids, is one ot the most important challenges
for cell volume homeostasis in the liver (Raussinger n
Lang, 1991). Cumulative amino acid transport into
hepatocytes initially leads to volume increase and
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subsequently activates volume-regulatory ion transporters
(a.quat n Al., 1990; Biuaabager n U., 1990a; BaUbruok.er
~ Al., 1991a, 1991b; Kriatenaen, 1980; Kriatea.en At. ..olk_,
1986) •
In perfused liver, the Nao-dependent transporters
(system A and ASC) have been shown to build up intra/
extracellular amino acid concentration gradients of up to
20. Nao entering the hepatocyte together with an amino acid
is extruded in exchange for K" by Nao/K"-ATPase. The
accUlllulation of amino acids and K" in the cells leads to the
increase in hepatocyte volume, which in turn triggers volume
regulatory K" efflux (Biiul!Isinqer §.t. Al.., 19908, Kristeusen,
1980; Kriatensen §.t. Polke, 1986). Enlargement of the
hepatocyte and subsequent volume-regulatory K" efflux was
shown to occur upon addition of glutamine, alanine, proline,
serine, glycine, phenylalanine, hydroxyproline,
aminoisobutyrate, or a complete amino acid mixture in
physiological concentrations (Baquet n li., 1990;
BiusBinger ~ 41.., 1990a; RallbruckBr n Al., 1991a). The
response to glutamine is half-maximal at the concentration
normally found in portal venous blood (0.6-0.8 TnM), and is
maximal at 2 toM. This suggests that physiological
fluctuations of the portal amino acid concentration may be
accompanied by parallel alterations of liver cell volume
(Rallbrucker n Al., 1991a). The degree of amino acid-
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induced volume change in hepatocytes seems largely to be
related to the steady state intra/extracellular amino acid
concentration gradient, and is modified by hormones and the
nutritional state (BallbruoJr.ar tt Al.., 1991a, 1991b).
IIl.ulin alld Glueagoll
Hormones were recently recognized as potent modulators
of liver cell volume. In contrast to cumulative substrate
transport, they initially affect the activity of volume-
regulatory transport systems which subsequently result in
cell volume changes (Feb1maDD n Freycbat, 1981; Feb11l&DD g
li., 1981; Moul. n MeOlv&J1, 1990). It was shown in both
perfused livers and isolated hepatocytes that insulin
increases and glucagon decreases cellular volume and that
these changes are dependent on the activation of the
respective K'" transport sy·~tems (Ballbrucker n Al.., 1991b,
1991c). Insulin activates both loop diuretic-sensitive Na+-
K'"-2CI--cotransport and amiloride-sensitive Na+/H+ exchange,
whereas glucagon stimulates cellular potassium release
through barium- and quinidine-sensitive K'" channels
(BaU);)rueker !It. al., 1991a, 1991b). Insulin-induced cell
swelling can be counteracted by further addition of
glucagon. similarly, cyclic .AMP shrinks liver cells in the
intact organ (Bal1brucker n. ill. I 1991c; VOIII. Dabl i!. Al.,
1991). Furthermore, hormone concentrations normally present
in portal venous blood 1n Y1.Y2 were sufficient to give half-
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maximal insulin-induced cell swelling and half-maximal
glucagon-induced cell shrinkage in the perfused rat liver,
suggesting that physiological fluctuations of the portal
insulin and glucagon concentrations may modify liver cell
volume in :Yll2 (Va. Dahl n .ill., 1991).
Hormones can also affect cell volume by altering amino
acid transport across the plasma membrane. These effects
not only include alterations of the electrochemical Na·
gradient as a driving force for Na+-dependent amino acid
transporters, but also induction of amino acid transport
systems. Insulin-induced intracellular K" accumulation by
activation of Na+/K"-ATPase will lead to hyperpolarization
of the membrane potential. Sodium-coupled amino acid
transport can be stimulated by the hyperpolarization and
the cycloheximide-sensitive induction of system A by insulin
(Fehlmann n Al., 1981; Prentki n AI., 1981). Both tend to
swell hepatocytes. Glucagon similarly increases Na+/K'-
ATPase activity and stimulates amino acid uptake. However,
it alao induces a. net K" release and stimulates amino acid
breakdown to dissipate the amino acid concentration gradient
across the plasma membrane (Hau8singer ~ a.l., 1983, 1985:
Jois, 1990). Thus glucagon in fact shrinks the cells (Koule
n Keaivan, 1990; Ballbruoker n Al., 1991b, 1991c).
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"'ghlgh.. of C.ll VOlp. R.aulatiog
Most studies on cell volume regulation have been
performed following anisoosmotic cell volume alterations
(Biuednq.r §..t. Lang, 1991; Bollmann.2t simone'n, 1989).
Cells exposed to hypotonic media initially swell like
oSlllometers but then almost regain their original volume
within minutes. This behavior is called regulatory cell
volume decrease (RVD). conversely, cells exposed to
hypertonic media initially shrink but also almost regain
their original volume within minutes. This behavior is
called regulatory cell volume increase (RVI). Both RVD and
RVI have been demonstrated in rat hepatocytes (Gral II Al.,
1988; Baddad n u., 19891 BaU&singer n M., 1990b).
It should be noted that the initial cell volume is not
restored completely following RVD or RVI. The cells remain
in an either slightly swollen or shrunken state after RVD or
RVI for the duration of anisoosmotic challenge. It has been
postulated that the extent of this remaining cell volume
deviation influences cell function (BaUssinqer.§t. Lang,
1991) •
R.gulatory Cell Volume D.cr.as8 (RVD)
RVO is achieved by reduction of intracellular osmotic
activity. In various cell types of vertebrates, several
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transport mechanisms have been proposed to be 1\ctivated
during RVD. The principal types are shown in ri9ura 1.2:
(1) conduct iva K" flux functionally coupled to conductive
Cl" flux; (2) electroneutral K'-Cl- cotranport; (3)
electroneutral K'-w exchange functionally coupled to Clo-
HCO!- exchange, giving net KCl loss without change in pH
(Hott.ann n Siaonsan, 1989).
In rat liver, RVD is mainly (701) due to extrusion of
osmotically active substances by parallel activation of K'
and CI" channels at the plasma membrane. Exposure of the
perfused liver to hypoosmotic extracellular perfusate leads
to rapid cell swelling and subsequent activation of 8a2+-,
quinidine- and SIS-sensitive K", Cl" and HCO!" efflux, which
partially restores the initial cell volume within about
8 min (Grat .@.t Al., 1988; Haddad n §l., 1989; Hauss1nger n
Al., 1990b). Hepatocyte swelling is also reported to open
stretch-activated non-selective cation channels, which allow
passage of ca2+ into the cell. The increase of
intracellul<ir Ca2+ then activates ca2+-sensitive r channels
(Bear, 1990). But it has been described that the activation
of K" channels in hepatocytes does not require an increase
in intracellular ca2+ activity. If sufficient K' channels
are operative at normal intracellular ca2+, RVD is not
dependent on the activation of ca2+-sensitive r channels
(Bendereon 1tt ill., 1989).
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Pigure 1.2 Regulatory Clell value decrease (RVO)
and regulatory 0811 volWlle increase (RVI)
(Modified fro1O Hoft.aDD !it SilllonseD, 1989)
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aequl.tory C.ll Volume Inore••• (RVI)
RVI is at least in part accomplished by uptake of ions
across the cell membrane. The principal types of ion fluxes
activated in various cell types during RVI are shown in
cotransport; and (3) electroneutral Nat_Ht exchange
functionally coupled to C!"-HCOl - exchange, giving NaCl
uptake .... ithout change in pH. In all cases cells take up
HaCl with subsequent replacement of Na+ by ~ via Na'f1{'-
ATPase, ....hich is the only primary active transport system
involved (Roffmann gt sillonsen, 1989).
In the perfused liver, a sudden increase in
extracellular perfusate osmOlarity stimulates amiloride- and
ouabain-sensitive I(" uptake, Which eventually leads to RVI.
Loop diuretics do not appreciably mOdify the cell volume
regulatory K' uptake. RVI in liver is apparently
accomplished by activation of Na'/K' exchange ....ith
SUbsequent extrusion of Nat in exchange with I(". Na-I{-2Cl
cotransport appears not to appreciably participate in
hepatic RVI (Biusainger n li., 1990b).
J7
"qdulatiop qt B.patip M,tab0lh. by cell Volum'
R••idual Deviation of Cell Voluae
Neither RVD nor RVI completely restore the initial cell
volume, and the cells are left in either a slightly swollen
or shrunken state. It has been proposed that it is the
extent of these remaining deviations of cell volume that
influences the metabolic functions in hepatocytes
(HiiusBinqer n Lang, 1991; Bof~mann n SillODssn, 1989).
Cell Volume and Metabolic Changes in HBpatocytes
The volume increase in hepatocytes (swelling) induced
by either hypoosmotic exposure, amino acids or insulin
triggers an anabolic pattern of hepatocellular function,
inclUding the inhibition of glycogenolysis, glycolysis and
proteolysis, and the stimulation of glycogen synthesis,
protein synthesis and amino acid uptake. Conversely, the
volume decrease in hepatocytes (shrinkage) induced by either
hyperosmotic exposure, amino acid deprivation or glucagon
acts as a catabolic signal which stimulates proteolysis,
glycogenolysis and glycolysis, and inhibits protein and
glycogen synthesis (I'iqure 1.3 and 'l'U1le 1.2) (Biiussinqsr n
Lang', 1991).
These experiments have been taken to suggQst that cell
volume alterations may act as a second or third messenger
mediating hormone and amino acid effects. Accordingly,
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Cell Shrinkage
glUCe~ 1 ':-.lno acId
cAltP bYl'erOs_ot1c depr1vlll1on
eXp05\lre
Piqure 1.3 Cell volUllle and Il.etabolic cbanq8. in
Hepatocyte. (Modified from Hau8ainqar
n Lang, 1991)
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Tabl. 1..2 Cell volu. and aetabolic change. in hepatocyte.
(Modified from Hiiu.sinqer n Lang, 1991)
Bepatocyte svelling
~:
Protein synthesis (Haussinger llc li., 1990d)
Glycogen synthesis (Baquet n sl., 1990; Lavoinne ~ Al., 1987)
Glutaminase (Haussinger ~ y., 1990a)
Amino acid uptake (Haussinger ~ U., 1990a, 1990c; Haussinger n Lang, 1990)
ureoqenesis from amino acid (Haussinger gt .21.., 1990a; 1990c; Haussinger n Lang,
1990)
Inhibits:
Proteolysis (Haussinger ~ AJ..., 1.990b, 1990e, 1.991.; Haussinger £t. Lang, 1.99l.a;
Hallbrucker rt li., 1991b)
Glycogenolysis (Graf .!li U., 1988; Lang gt li., 1989)
Glutamine synthesis (Haussinger.£t. li., 1990a)
ureogenesis from NH/ (Haussinger ~ y., 1990c)
Hepatocyte shrinkage
~:
proteolysis (Haussi!"lger, 1990; Hallbrucker,g.t. ill., 1991a: Vom Dahl ,gt .ill., 1991)
Glycogenolysis (Gra! £t li., 1988: Haussinger, 1990)
B-Hydroxybutyrate release at the expenses of acetoacetate (Haussinger fi Lang, 1991)
~:
Ketone body formation from ketoisocaproate (Haussinger n Lang, 1991)
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concentrative amino acid transport systems and hormone-
modulated ion transporters in the plasma membrane appear to
be a part of transmembrane signalling systems (Bau••inger n
Lang, 1991).
Objectives ot Tbis study
As reviewed and discussed above, no previous study has
been carried out on alterations in liver mass and hepatocyte
volume as a host response to endotoxe1l'lia.
'l'he present research was designed, using the endotoxic
rat treated with E. ~ LPS, to investigate: (1) Does .E.
,!;;,Ql.J. LPS consistently increase rat liver mass in.Y..i.Y2? (2)
Since the answer to this question was in the affirmative we
then undertook a series of studies to deter1":line ....hether the
increase could be due to dry mass components, intracellular
space, extracellular space, etc. (3) We also investigated
whether the effect of LPS on the hepatic mass might be
mediated by the cytokine TNF-a.
CRAP'l'ER 3 of this thesis describes the observations
during the preliminary experiments in which we established
our animal model.
CRAP'l'ER 41 covers all ensuing investigations on the
phenomenon of the increase in the liver mass, as compared to
the corresponding saline-controls, after LPS administration.
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CHAPTER 2
KATER:IALS AND METHODS
CHAPTER 2 MA'rBR:n.L8 AND KBTBOD8
Aniaals
Adult male Sprague-Dawley rats (Charles River,
Montreal, Que.) weighing 250-450 9 were used for all
experiments. They were caged two or three in a room, at 22
± 2°C, with free access to tap water and Purina rat chow
(Ralston Purina of Canada, Ltd., Don Hills, ontario). The
feeding and housing conditions during experiments are
described in "Experimental Protocol ".
Pharmaceuticals
1. ~. ~ Lipopolysaccharides (LPS, endotoxin)
(serotype 0127:88, phenol extraction) was obtained from
sigma Chemical Inc. (st. Louis, HO).
: Recombinant human tumour necrosis factor a (rhTNF-a,
biological activity: 5 x 106 U/mg as determined by cytolysis
of murine L929 cells in the presence of actinomycn-o; LPS
content: <100 ng/mg TNF-Ol) was purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY).
3. Goat anti-mouse-TNF-a serum (anti-mTNFa, 22.8 mg/ml)
"
and goat non-ilMlune IgG (IgG, 20.5 mg/ml) were gifts of
Dr. Gregory Bagby (Department of Physiology, Louisiana state
university Medical center).
4. 0.9% HaCI Injection (pyrogen-free saline, 310
mOsmol) was the product of Astra Phana Inc. (Mississauga,
Ont.) .
5. SOMNOTOLR (sodium pentobarbital injection) was made
by Canada Packers Inc. (cambridge, Ont). Each ml contained:
sodium pentobarbital 65 mg and 2\ benzyl alcohol in an
aqueous propylene glycol base.
4. Heparin Sodium Injection (heparin, 1000 USP
units/ml) was produced by Glaxo Canada, Ltd. (Toronto, ant).
Radioisotope.
[14C- carboxyl-]inulin (M.W. 5,000-5,500) was purchased
from Dupont New England Nuclear Corp. (Mississauga, Ont).
RQlIpee, COSQllYl'S. and Otber cbamicala
All enzymes and coenzYllles used in this study were
obtained from sigma Chemical Co. (st. Louis, MO) or
Boehringer Mannheim GmbH (Dorval, Que). All other chemicals
used in this study were of analytical grade.
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Bxperi.ental Protocol
In the preliminary studies, we .found that fed rate were
not an appropriate control for endotoxin-treated rats, since
the endotoxic rats fed .sui. l1.b.1t.wn manifested II profound
decrease in spontaneous food intake and displayed distended
stomach with marked food stagnation (CHAPTER 3). In order
to keep the same post-absorptive status we therefore fasted
both the endotoxin-treated and saline-control group. A
group of normal fed rats was also included in each
experiment.
(1) Animals were conditioned for at least 7 days under
reversed 12 hr/12 hr-light/dark cycle, in which the dark
period was from 8:00-20:00. On the experiment day, the rats
in the normal fed group were allowed rat chow .a.d..l.i.b.i.tY..m
until surgery; the rats in all other groups were deprived of
food 1-2 hr (6:00-7:00) before the onset of the dark period
and remained fasted during the entire experiment. All rats
had free access to tap water and were caged separately.
(2) Four hours after the deprivation of food (10:00-
11:00), initial body weights were recorded. Rats in
endotoxic group, anti-TNF+LPS group and IgG+LPS group were
all treated with ,E. ~ LPS in pyrogen-free saline
(1 lllg/ml, 3 mg/kg, Lp. or at various doses as required in
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the dose-response experiment). The rats in the TNF group
....ere injected ....ith rhTHF-a (in 1.0 lIll pyrogen-free saline,
25 ug/250 g rat, tail vein). The rats in the saline group,
as the corresponding controls for the endotoxic group and
the TNF group, were injected Lp. or Lv. with the same
volume of pyrogen-free saline. Two hours prior to the LPS
treatment (8:00), the rats in the anti-TNF+LPS group and the
IgG+LPS group were treated with anti-mouse TNF-a antiserum
(20 mg/300 g rat, Lp.) or non-immune IgG (20 mg/300 g rat,
Lp.).
(3) The liver was removed by complete hepatectomy 24 hr
after the injection of Lps/saline or at various times in the
time-course experiment. The hepatectomy for the uninjected
normal fed rats was carried out at the same clock-time as
for the rats in the endotoxic, TNF, or anti-TNF groups and
their corresponding controls. All rats were weighed for
final body weight at anaesthesia.
(4) The liver removed by hepatectomy was used to
measure total liver weight and the water content was
determined by drying a portion of the liver at 55-60°C to a
constant weight. The liver wet/dry weight ratio was then
calculated. A portion of the liver was freeze-clamped in
liquid nitrogen, then ground to a fine powder and extracted
by different procedures to measure the hepatic content of
glycogen, protein, lipids, DNA, potassium and sodium. In
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some experiments, portal venous blood was obtained
immediately before the hepatectomy to measure the activity
of glutamate-pyruvate transaminase in serum.
(5) In a series of separate experiments, the liver
tissue was obtained uy direct open-biopsy and either
prepared for morphometric stUdy of hepatocytes or rapidly
freeze-clamped for the assay of hepatic adenine nucleotides.
Bepatectoay
Complete hepatectomy was used to remove the whole liver
without loss of blood or tissues. The surgical technique
was based on the procedures described by wayntortb (1979)
with some modifications. The rat was anaesthetized with
somnotolR (sodium pentobarbital, 60 mg/kg, Lp.) and placed
on a heating pad. After a mid-line laparotomy, the gut was
deflected to the rat's left to expose and locate the liver
lobes and splanchnic vessels. Suspensory ligaments were
then cut down as near as possible to the blood vessels using
a blunt-ended curved scissors. The portal vein, hepatic
artery and inferior vena cava were exposed by blunt
dissection. silk surgical threads (4/0) were loosely placed
around these vessels. They were simUltaneously ligated and
the liver was removed by severance of blood vessels at the
sites of these ligatures. Finally, any non-hepatic tissues
attached were removed. The time between the mid-line
incision and severance of all blood vessels was less than 10
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min.
Deterw.inatioD ot Hepatio Bxtraoellular Space. 1..D Y1E
The extrahepatocellular spaces in the liver are (1) the
vascular space ....hich contains blood and plasma and (2)
interstitial space which is largely the space of Ciase (see
"Hepatic Cellular Space" in Cbapter 1). The hemoglobin
content of the liver can be used to determine the hepatic
content of blood cells and the vascular space (Cells plus
plasma) can be calculated on the assumption that the
sinusoidal hematocrit is the same as that in peripheral
blood. The extracellular space (plasma plus interstitial
fluid) can be determined by use of a marker that distributes
in this space and is not taken up into cells. ['4C-carboxyll
inulin (14C-inulin, M.W. 5,000-5,500), a fructose
polysaccharide, was chosen as the extracellular space
marker. The assumption that the '4C-inulin is not taken up
by hepatic cells was checked in an experiment in Which,
after 14c -inulin infusion as detailed below, the liver was
flushed with 200 ml of saline and the inulin washed out was
determined. The 14c -inulin removed in the wash-out was
found to be 93.0 ± 1.7% (n=3).
Rats were anaesthetized and treated as for the
hepatectomy. After anilesthesia and laparotomy, a priming
dose of 8 p.Ci '4C-inulin in 0.8 ml 0.9\ NaCI was injected
through the left saphenous vein and followed immediately by
"
a continuoua infusion of 5 pel 14c -inulin in 1.5 ml 0.9\
NaCl at a rate of 0.037 ml/min at the bifurcation of the
inferior vena cava. From preliminary experiments (not
shown) we determined that plateau levels of l'C-inulin were
obtained between 20-40 min. After 25 min, 0.15 ml of
heparin (1,000 USP units/ml) was injected via the left
saphenous vein and at 30 min, 0.2 - 0.3 ml of blood was
slowly withdrawn from the hepatic portal vein. A portion of
this blood was used for hematocrit determination and 20 pI
of blood was used for hemoglobin determination by the
cyanomethemoglobin method (oser §.t HaWk, 1965) using
crystalline hemoglobin (Sigma) as standard. Plasma,
obtained from the remaining blood, was used for 14C
determination in a scintillation counter using ScintiVerse E
(Fisher) as scintillation fluid. Immediately after the
blood sample was taken from the portal vein, the whole liver
was removed by total hepatectomy and homogenized with 20 mi
of deionized water. The homogenate was frozen overnight,
and, after thawing, the homogenate was centrifuged at
120,000 x 9 for 60 min at 4°C. An aliquot of the
supernatant was used for hemoglobin determination. Another
aliquot was deproteinized with an equal volume of 0.5 M
HClO, and I4C was determined in the deproteinized extract.
The liver extracellular space was calculated as follows:
"
Liver Blood Content
(ml/liver)
Liver Hb (mg/liver)
Portal vein Blood Hb (mg/ml)
Liver Plasma Space ... Liver Blood Content (ml/liver)
(ml/liver) x (1 - hematocrit)
Liver Inulin Concentration
Liver Inulin Space (dpm/liver)
(ml/per liver)
Plasma Inulin Concentration
(dpm/ml)
Liver Interstitial
Space (ml/liver) .. Liver Inulin Space (ml/liver)
- Liver Plasma Space (ml/liver)
Liver
Extrahepatocellular =
Space (ml/'!. iver)
Liver Blood Content (ml/liver)
+ Liver Interstitial Space
(ml/liver)
Morpbo.atrio study of Hapatocyte.
In addition to the physical and biochemical
examinations to measure the hepatic cellular space, it was
also necessary to use a morphometric technique to estimate
hepatocyte volume.
1. Preparation of liver specimen. since some of the
reagents used in these experiments were both expensive and
scarce Li...!!.. TNF-a and anti-TNFQ) it was neces&ary to get as
much information as possible from each experiment.
50
Therefore we used the same liver tor estimation of mass,
wet/d't'Y weight ratio and for morphometry. Since we had to
fix tissue very rapidly for histology we devised a procedure
of partial hepatoctomy whereby we tied off the two main
liver lobes (median and left lateral lobes) for measuring
the wet and dry weight. Immediately, 0.5-1.0 g liver
tissue, incised from right lateral lobe, was diced into 1 x
1 x 1 mm blocks and fixed in Karnovsky's fixative (pH 7.4)
at room temperature (J:arnovsky, 1965). The fixed tissue
blocks were further processed for both morphometric stUdy
under light microscopy and subcellular examination under
electron microscopy (not reported in this thesis) by the
procedures described by HyUl (1981). Briefly, four to five
fixed blocks were chosen at random and each was first
dehydrated and defatted ~y a series of treatments with
sodium cacodylate, osmium tetroxide, uranyl acetate, ethanol
and acetone. The treated block was then embedded, dried,
polymerized and sectioned serially at 0.5-1.0 ~m. Four to
five technically perfect sections chosen from each block
were finally stained for one min at 60°C with It toluidine
blue and mounted on the slide. Toluidine blue was the stain
of choice as it gave the clearest outline of each hepatocyte
which was necessary for the morphometric analysis.
2. Morphometric analysis. The morphometric analysis
of hepatocytes was performed by a tlblind" investigator (who
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was unaware of the treatment of the animals) using an image
analysis system (Bioquant'M System IV, R & M Biometrics,
Inc.). At x10 magnification level, an area large enough to
include two hepatic lobules (each with a central vein at the
center) was chosen as the representative structure of the
liver. Measurement of perimeters was restricted to those
hepatocytes located in the portal area, j..§.. hepatocytes in
the areas distant from the center vein but proximal to the
edges between the two adjacent lobules chosen. At x40
magrlification level, four adjacent microscope fields within
the portal area were chosen provided they met the
requirement of sufficient resolution for unambiguous
recognition of the cell boundary. The micrograph of
individual microscope field was projected on the monitor
with the reversed enhancement which minimized the background
interference so as to optimize contrast of hepatocyte
outline. The outline, .i.~. the perimeter, of all individual
mononuclear hepatocytes (150-250 in total for each liver)
with clear and intact nuclei (i..§.. excluding damaged cells
at the edge of the section) in these four fields were then
traced on the screen by a visible cursor. The image was
digitalized and integrated by the Bioquant'M system to give
the perimeter, transsectional area, longest diamater and
shape factor of each individual hepatocyte. The shape
factor is the ratio of the shortest diameter over the
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longest diameter of an individual cell body on the
transsectional profile (where, 0 - a straight line: I .. a
perfect circle). It helps to identity variations in
different cell populations. All binucleate and mononucleate
hepatocytes within the four microscope fields chosen were
counted to give the percentage of binucleate hepatocytes for
each liver. The calculation of hepatocyte volume from its
transsectional area will be described later in detail (see
"Does liver become bigger because of larger hepatocytes" in
CIlAPTER .. ). A photograph taken from the video micrograph
projected on the monitor of the Bioquant™ system is
presented as Figure 4.3 in CKAP'l'ER 4.
Analysee of Hepatic Dry Hass components
Glycogen was extracted from frozen liver powder and
hydrolysed to glucose (xassid n Abrab3Jll, 1957) which was
determined by the glucose oxidas~ method (PGO kit, Sigma).
Hepatic protein content was determined, after homogenization
of frozen liver powder in a medium (containing 225 mM
mannitol, 75 mH sucrose, 5 mM HEPES, EG'l'A 1 mM, pH 7.4) by
the biuret method (Gornall n li., 1949), following
solubilization with 5% (w/v) deoxycholate (Jacobs g.t. Jacob,
1956). Bovine serum albumin was used as standard. Total
lipids were measured by the gravimetric method (Polcb II
li., 1957: Bliqh n Dyer, 1959) with modifications. The
frozen liver powder was homogenized in a Polytron blender
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and extracted three times in 2: 1 (v/v) chloroform/methanol
mixture. The top organic phases from each extraction were
combined and allowed to evaporate from a prewoighed
aluminium weighing pan, which was then reweighed. For
hepatic potassium and sodium content, the frozen liver
powder was first defatted by overnight extraction with
petroleum-ether and then dried overnight at 90 °c. The fat-
free dry tiss.ue was re-extrated with 2 N HNO]. The nitric
acid extract was collected and diluted with deionized water
for potassium and sodium assay Which were carried out on an
atomic absorption spectrophotometer (Varian Techtron AA-5,
wavelength: 766.9 nm for K'", 589.4 nm for Na+) , using KCl
and NaCl as standard (Bergstrom, 1962; Bergstrom .§..t. li.,
1987; Landin II tl., 1988). Hepatic DNA was extracted by
trichloracetic acid (TCA) as described by Schneider (1945)
and Enesco !tt. Leblond (1962) except that the successive
washings of TCA-extracted pellet by distilled water and
absolute ethanol were omitted. The DNA concentration in the
liver tissue was determined by Burton's method (Burtoh,
1956). Single-strand calf thymus DNA (Sigma) was used as
standard. Hepatic adenine nucleotid€ls were determined in
freeze-clamped liver described by Bems n Brosnan (19;0).
Determination ot Free Amino Acids in Liver and Blood
The analysis of amino acids was performed by 10n-
exchange chromatography on a BeckJnan amino acid analyser
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(Model 121M). The liver tissue and blood specimen were
extracted essentially as described by Brosnan n Al. (1983).
For the liver tissue, a portion (0.5 g) of frozen pOlider lias
homogenized liith 2.5 ml 0.5 M HCI04 and kept standing on the
ice for 30 min. The homogenate was centrifuged at 18,000 x
9 for 15 min at 4 DC. The supernatant was mixed with 100 J.1l
1. 25 mK 2-aminoethyl-cysteine (AEC) as internal standard and
was neutralized by 1 ml of 3 M K:!C03 and 20\ (w/v) KOH to pH
7.0 with 10 J.1l at 1:1 diluted universal indicator. To the
neutralized extract was added 0.4 ml of Lithium citrate
Sample Dilution Buffer (0.2 N Li" with Hi thiodiglycol and
0.1% phenol, pH 2.20 ± 0.01, Pierce Chemical, Rockford, IN)
and pH was adjusted to 2.20 ± 0.01 with 10 N HCI and 3 M
LioH. For whole blood: 200 J.11 blood was mixed with 550 J.11
deproteinization mixture consisting of SO J.11 1.25 mM AEC,
200 /Jol SSA/LiOR (1 ml 10% SUlfosalicylic acid in 9.10 ml 3
N LiOH) and 350 ~1 lithium citrate buffer, then thoroughly
vortexed and kept standing on ice for 30 min. After
centrifuged at 10,000 x 9 (Eppendorf) for 4 min, the
supernatant (pH around 2.5) was collected for analysis.
DeterJllination ot' other Metabolic substrates in Plasma or
Blood
0.6 ml of whole blood or 0.3 ml of plasma, collected
from the abdominal aorta and/or the inferior vena cava,
mixed with an equal volume of 0.5 M HCl04 for
55
deproteinhation and neutralizod as described for the liver
tissue. The neutralized extract was used for the following
assays by enzymatic methods: O-(+)-glucose (lIerqaeyer ~
Al., 1974), L-(+)-lactate (Noll, 1974), pyruvate and
acetoacetate (M.llanby n Williaason, 1974), O-J-hydroxy-
butyrate (William.on, 1974); L-alanine (Bergmeyer, 1974).
Plasma long-chain fatty acids was determined by a
colorimetric method using palmitic acid as standard
(Bergmann II li., 1980)
Determination of Aotivity of Glutamate-Pyruvate Tran81llllinase
in Serua
The activity of glutamate-pyruvate transaminase (EC
1.1.1.27) in plasma was determined as described by Bergmeyer
.e..t Bernt (1974) using L-Iactate dehydrogenase (Boehringer
Mannheim from bovine heart) which was first dialysed through
a commercial PO 10 column (Sephadex' G25M) to remove
(NH4)2504'
Measur8lllsnt of Portal and Abdominal Aortic Blood Flo"
Portal vein and abdominal aortic blood flow were
measured by a transonic perivascular flowmeter (Transonic'
Small Animal Flowmeter T206, Transonic Systems Inc., Ithaca,
NY). Following routine anaesthesia and laparotomy, the
hepatic portal vein and and lower abdominal aorta were
exposed by blunt dissection. Vessels were dissected free of
surrounding connective tissue, and a 2RB perivascular probe
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with an L type bracket was placed around tha abdominal aorta
at its bifurcation into iliac arteries or the hepatic portal
vein as close as possible to the liver. H-RR LUbricating
Jelly (Carter-Wallace Inc., New York, NY) was applied to the
probe to improve acoustic coupling. The blood flow (ml/min)
was monitored on the digital display and the fluctuations
recorded with a chart recorder. When the trace became
constant, the average of the blood flow during the last four
minutes was recorded and taken as the measured blood flow.
pre.entation and Analysis of Data
Results are expressed as means ± so (number of rats).
Significant difference between two individual means were
determined by unpaired t-test as appropriate. Significant
differences (Zar, 1984) among three or more individual means
were determined by one-way analysis of variance (ANOVA)
followed by Bonferroni t-test for multiple comparisons. A
two-tailed P value less than 0.05 was taken as indicating
statistical significance. statistical analyses were
conducted with the aid of PC software: GraphPAD InStae"
(Motulsky, 1989C ) and/or QUATTRO PRO'" (Borland, 1989C).
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CBAP'l'BR 3
RESULTS AND DISCUSSION:
OBSERVATIONS III PRELIMINARY EXPERlKENTS
CUPTHR 3 RESUL'l'S AND DISCUSSIONI
08SHRVA'l'IOllS III THB PRELIHl:HARY BJ:PI:Rl:MI:H'rB
l:ntro4uctioll
Before we defined our endotoxic animal model, a series
of preliminary experiments had been carried out after the
administration of E. ~ LPS to fed or fasted male Sprague-
Dawley rats. We examined the clinical signs of endotoxemia,
changes in food intake and body weight, arterial blood and
plasma concentration of metabolic fuels, aortic and portal
blood flow, changes in the mass of visceral organs and
isolated skeletal muscles. Many features characteristic of
acute infections were observed.
Anorexia an4 Wasting
We first investigated fed rats injected with .f;.. £2l.i.
LPS at 3 mg/kg, Lp. They were allowed free access to water
and food throughout. Their daily food intake, weight gain
and growth curve were recorded from 10 days prior to the
treatment to 15 days !lifter treatment. The endotoxic rats
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fed Ad .l..i...I:U.tY. showed a profound decrease in spontaneous
food intake. The daily food intake was reduced almost to
zero during the first 24 hr and returned to normal level 72-
96 hr after the single endotoxin injection (I'iqur. 3.1.A).
A marked stagnation of food in distended stomachs was found
in the endotoxic rats 24 hr after endotoxin administration.
The fed endotoxic rats lost about 10\ of their initial body
weight during the first 24 hr as the result of a combination
of decreased food intake, discharge of faeces and wasting of
body mass (Figure 3.1.B). Although the growth rate tended
to return to the normal level on the third day after
endotoxin administration, the endotoxic rats did not
demonstrate catch-up growth so that the final body weight
remained about 10\ less than that of contr:ols even 15 days
after the single endotoxin injection (Piqure 3.1.C).
since the endotoxic rats fed A!1 .l.!Qllym ate much less,
they could not be compared with the fed saline-treated ra"ts
having normal daily food intake. We decided to fast both
endotoxin- and saline-treated rats so as to maintain the
same post-absorptive status in both groups.
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Fiqure 3.1.A-3.1.C Food Intake, .eigbt Gain and Growth
Curve Before and After LPS/OaliDe AdIlinbtration Animals
were all fed .Asl l..1R..itlUI and injected with E. ~ LPS (3
mgjJtg, Lp.) or sterile saline (3llll/kg, Lp.) at day O.
Values are means ± so. The error bars in panel A are only
shown for day 1, 2, and J. * p<o.os VS. corresponding
Control or Endotoxic rats (two-tailed P values by unpaired
t-test) .
c".'-'~ -20
"i) 0 Conlrol
:::: --40 • £ndoloxle
~
"0
o
"
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Cliniaal Sign. of Bndotox..ia
During several other tille-course experiments, the
endotoxic rats were injected with the same dose of J:i. £2.l.i
LPg (0.3 mg/kg, Lp.) but fasted from 2 hr prior to the
treatment. The clinical signs of endotoxemia, arterial
plasma or blood concentration of metabolic substrates
(described later), the changes in the body weight and in the
mass of visceral organs and isolated muscles (described
later) were examined. Table 3.1 shows seven Clinical signs
of endotoxemia manifested by the fasted endotoxic rats.
They were also used as the criteria to jUdge the efficacy of
intraperitoneal endotoxin administration in all experiments.
Occasionally, if endotoxic rats showed less than four signs,
at 24 hr after endotoxin injection, they were not used in
the experiments.
The typical febrile body temperature curve was not
observed in the fasted endotoxic rats dur.ing the time-course
experiments, under either the regUlar light-c}':.:le (lights on
between 8:00-20:00) or reversed light cycle (lights on
between 20:00-8:00). At 1, 3, 6, 7.5, 9, 12 and 24 hr after
treatment, the mean colonic temperatures of the endotoxic
rats, which varied from 36.5 ± 0.7 to 37.3 ± 0.8 DC, were
not significantly different from the corresponding saline-
controls.
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Tll!;)la 3.1 Clinical Nanife.tation. atter Bndotoxin.
AdainiatraUon The rats were fasted and treated with E.
£.2.l.1. LPS (3 mg/kg, Lp.).
r·ost-Injection
signs
3h 6h 1.2h 24-48h
Inactivity +
pilClerection +
Peri tonitis
Hepatosplenomegaly
Diarrhea
~;~:~J~CrYOrrhea•
• (pacitti, 1~92)
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PI•••a Conc811tration ot Kajor Xetabolic Substrate.
The temporal changes in metabolic substrates in
arterial plasma from fasted endotoxic rats were determined
to outline the general alteration in energy metabolism.
Data in Figure 3.2.A-3.2.P and Table 3.2.A-3.2." indicate an
immediate hyperglycemia (during 1-2 hr) followed by
hypoqlycemia (at 9 hr) with increases in the plasma
concentrations of pyruvate and lactate (during 6-12 hr); and
an elevated plasma long-chain fatty acid level with
sustained hypoketonemia (during 6-12 hr). as well as
increases in blood concentration of both total and many
individual free amino acids (described later).
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pigure 3.2.A-3.2.C Plasma glueo••, lactate ahd pyruvate
Blood was collected from the lower abdominal aorta at the
bifurcation into the iliac arteries of the fasted rats
treated with endotoxin (J mg/kg, Lp.) (e) or sterile saline
(3 ml/kg, i.p.) (0). Values are expressed as mean ± SD with
3-5 rats at each time-point. * p<O.05, u p<O.Ol;
*** p<O.OOI vs. corresponding (0) or (0) (two-tailed P
values by unpaired t-test). (Also see Table 3.2.A-3.2.C).
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III
Figure 3.2. D-3. 2.P Plaaaa acetoacetate, 8-hydrolr}'butyrate
anti long-chain fatty aoi4a Blood was collected from the
lower abdominal aorta at the bifurcation into the iliac
arteries of the fasted rats treated with endotoxin (3 mg/kg,
Lp.) Ce) or sterile saline (3 ral/kg, Lp.) (0). Values are
expressed as mean ± SD with 3-5 rats at each time-point. *
p<o.os, ** p<O.Ol; **. p<O.OOl vs. corresponding Ce) or (0)
(two-tailed P values by unpaired t-test). (Also see Tallle
3.2.D-3.2.F) .
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Tabl_ 3.2.A-3.2.B Arterial PIa••• CODcentration of
Gluco•• and Lactat. Blood was collected from the lower
abdo.inal aorta at the bifurcation into iliac arteries of
the fasted rats treated with E..sosu.i LPS (3 mg/kg, Lp.) or
sterile saline (J ml/kg. Lp.). Values are mean ± so with
the number of rats in parentheses. significant difference
was detenained as the two-tailed P value less than 0.05 by
unpaired t-test (superscription a vs. O-hr untreated
controls; b vs. 6-hr saline-controls; c vs. the time-matched
saline-controls). (Also see Figure 3.2.A-3.2.B)
'l'a))le 3.2.A Plas... Glucose
Plasma Glucose (j.1mol/ml)
Saline-Control Endotoxic
o hr 5.47 ± 0.39 (5)
1 hr 7.83 ± 0.58 (3)-
3 hr 6.25 ± 0.91 (3)
6 hr 5.45 ± 0.07 (3) 5.23 ± 0.31 (3)
n hr 4.42 ± 1.08 (3)
9 hr 5.18 ± 0.08 (3) 3.56 ± 0.54 (3)C
12 hr 5.18 ± 0.31 (4) 5.21 ± 0.24 (4)
24 hr 4.75 ± 0.36 (7) 5.47 ± 0.41 (7)
'l'a))le 3.2.B Plasma Lactate
Plasma Lactate (j.1mol/ml)
Saline-Control Endotoxic
o hr 0.74 ± 0.08 (5)
1 Or 0.43 0.10 (3)-
3 hr 0.41 0.04 (3)-
6 Or 0.70 ± 0.23 (3) 2.41 0.19 (3)"
n hr 2.47 0.17 (3)b
9 hr 0.65 ± 0.28 (3) 2.83 0.27 (3)'
12 hr 0.62 ± 0.09 (4) 1.33 0.48 (4)'
24 hr 0.83 ± 0.31 (7) 1.47 0.23 (7)C
71
Table 3.2.C-3.2.D Arterial Plasma ConeentraUoD of
Pyruvat. and Aoetoaestate Blood was collected from the
lower abdominal aorta at the bifurcation into the iliac
arteries of the fasted rats treated with z..£2.ll LPS
(3 mg/kg, 1. p.) or sterile saline (3 tnl/kg, L p. ). Values
are mean ± SO with the number of rats in parentheses.
Significant difference was determined as the two-tailed P
value less than 0.05 by unpaired t-test (superscription a
VB. O-hr untreated controls; b VB. 6-hr saline-controls; c
VB. the time-matched saline-controls). (Also see Figure
3.2.C-3.2.D)
Table 3.2.C Pla••a Pyruvate
PlasllIa Pyruvate (~mol/ml)
Saline-Control. Endotoxic
a hr 0.07 ± O.OJ (5)
1 hr 0.17 ± 0.00 (3)8
3 hr 0.18 ± 0.07 (3)'
• hr 0.08 ± O.OJ (3) 0.28 ± 0.04 (3)CH hr 0.27 ± 0.02 (3)b
• hr 0.08 ± 0.02 (3) 0.24 ± 0.05 (3) C12 hr 0.09 ± 0.04 (4) 0.20 ± 0.03 (4)C
24 hr 0.06 ± 0.02 (7) 0.15 ± 0.05 (7)C
Table 3.2.D Plasma Aoetoacetate
Plasma Acetoacetate (~mol/Itll)
Saline-Control Endotoxic
a hr 0.09 ± 0.03 (5)
1 hr 0.12 ± 0.02 (3)
3 hr 0.17 ± 0.04 (3l-
• hr 0.15 ± 0.04 (3) 0.07 ± 0.02 (3)n hr 0.08 ± 0.01 (3)b
• hr 0.23 ± 0.04 (3) 0.07 ± 0.02
(3)C
12 hr 0.21 ± 0.06 (4) 0.08 ± 0.04 (4)C
24 hr 0.30 ± 0.11 (7) 0.12 ± 0.02 (7)C
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'lable 3.2.1:-3.2.P Arteri.l Pl•••• Concentr.tion of 3-
By4roqbutyrat.. Uld LoDg-cbaib J'att.y Acida Blood was
collected from the lower abelc.inal aorta at the bifurcation
into the iliac arteries of the fasted rats treated with
£.~ LPS (3 m<J/kg, Lp.) or sterile saline (31l11/kg,
i.p.). Values are mean ± SD with the nUDber at rats in
parentheses. significant difference was ~~1..6rained as the
two-tailed P value less than 0.05 by unpaired t-test
(superscription a VS. O-hr untreated controls; b vs. 6-hr
saline-controls; c Vii. the tillle-.atched saline-controls).
(Aho see J'iqur. 3.2.1:-).2.1")
Tabl. 3.2.1 Pl•••• 3-HydroKYbutyr.te
Plasma 3-Hydroxybutyrate (I'mol/ml)
Sal ine-Control Endotoxic
o hr 0.28 ± 0.05 (5)
1 hr 0.17 ± 0.05 (3)-
3 hr 0.31 ± 0.05 (3)
6 hr 0.46 ± 0.04 (3) 0.33 ± 0.05 (J)C
7~ hr
9 hr 0.71 ± 0.18 (3) 0.30 ± 0.11 (3)C
12 hr 0.64 ± 0.14 (4) 0.31 ± 0.10 (4)C
24 hr 0.92 ± 0.25 (7) 0.20 ± 0.01 (7)C
Table 3.2.F Pl.sma Long-cbain Fatty Acids
Plasma Long-chain Fatty Acids (j.lmol/ml)
Saline-control Endotoxic
o hr 0.39 ± 0.06 (5)
1 hr
3 hr
6 hr 0.45 ± 0.10 (3) 0.67 ± 0.08 (3)'
n hr
9 hr 0.41 ± 0.09 (3) 0.72 ± 0.09 (3)C
12 hr 0.31 ± 0.09 (4) 0.58 ± 0.07 (4)C
24 hr 0.54 ± 0.07 (7) 0.44 ± 0.10 (7)
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Blood. 8p.otru.. of Fr•• Aaino Acid.
The temporal changes in free amino acid spectrum of the
arterial blood from the fasted rats during 24 hr after
endotoxin or saline treatment are shown in Table 3.3.A and
3.3.B. Generally, endotcxin administration to the fasted
rats elicited a biphasic change in the total amino acid
lev""l of the arterial blood. The change in various
individual amino acids largely paralleled that in the total
amino acid level.
Initially, there Iotas a rapid depression (1 hr after
endotoxin inj ection) in the levels of total amino acid and
many 9luoogenic amino acids, such as Ala, Ser, Met, His,
Pro, Asn, compared to the O-hr uninjected controls. The
concentration of branched-chain amino acids, however, did
non decrease. Three hr after endotoxin injection, the
depressed amino acid levels largely returned to or became
higher than that in the untreated O-hr controls (Table
3.3.A) .
The initial depression and recovery were fallowed by an
increase in the total amino acid level. It became most
prominent at 9 hr when the total amino acid level in the
endotoxic rats reached over 10 mH, the peak of the 24-hr
time-course. The increase in individual amino acids, such
as Ala, His, Thr, Gly, Cit, Leu, Val, Phe and Trp, ranged
from 119\ to 367%, compared to that in the time-matched
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Table 3.3.A Arterial Blood Concentration of Pre. Amino Acids (0-7% br) Blood
was collected from the lower abdominal aorta at the bifurcation into the iliac
arteries of the fasted rats treated with ~.£Qli. LPS (3 mg/kg, Lp.) or sterile saline
(3 ml/kg, Lp.). Values are mean ± so with the number of rats in parentheses.
Significant difference was determined as the two-tailed P value less than 0.05 by
unpaired t-test (superscript a and b vs. O-hr untreated controls; c vs. l-hr
endotoxic rats; d vs. the time-matched saline-controls).
o hr 1 hr 3 hr 6 hr 6 hr 7~ hr
Amino Acid Control Endotoxic Endotoxic Control Endotoxic Endotoxic
(ronei/mil (n=3) (n=3) (0::4) (n=3) (n=3) (n=3)
Alanine 347 ± 41 278 ± 8' 383 ± 34 e 419 ± 69 I021± 737 632 ± 277
Glycine 321 ± 32 281 ± 33 366 ± 37 c 366 ± 52 547 ± 240 445 ± 142
Threonine 210 ± 37 195 ± 30 236 ± 27 226 ± 54 349 ± 167 321 ± 220
Serine 243 ± 23 190 ± 11- 211 ± 21 257 ± 17 344 ± 145 294 ± 157
Cysteine 54 ± 5 51 ± , 47 ± 3' 58 ± 8 59 ± 13 S5 ± 11
Asparagine 52 ± 25
" ± "
38 ± 5' 57 ± 11 OJ ± 35 72± 31
Glutamic Acid 221 ±t4S 124 ± 10 174 ± 27 c 273 ± 42 253 ± 8' 196 ± 43
Glutamine 474 ± 28 446 ± 19 558 ± 2gb<:: 624 ± 64 709 ± 163 559 ± 130
Histidine 59 ± 6 43 ± 3' 72±1l 64 ± , 133 ± 72 109 ± 51
Proline 123 ± 28 56 ±
"
104 ± 14 118 ± 10 227 ± 161 156 ± 7'
Valine 128 ± 32 142 ± 15 211 ± 26b<: 206 ± 27 331 ± 153 278 ± 63
Leucine 106 ± 21 114 ± , 151 ± 23bc 147 ± 19 247 ± 116 209 ± 37
Isoleucine 68 ± 17 64 ± 3 87 ± 14 99 ± J.1 124 ± '6 J.09 ± l'Lysine 594 ± 53 554 ± 5 509 ±l26 635 ± 60 1039± 399 791 ± 338
Methionine 64 ± 10 48 ±
"
57 ± 8 90 ± 5 134 ± 58 120 ± 51
Tyrosine 61 ± 11 55 ± 5 6' ± , 80 ± 20 227 ± J.82 163 ± 106
Phenylalanine 59 ± 8 49 ±
"
78 ±
,,,
76 ± 8 123 ± 50 98 ± 22
Tryptophane 61 ± 11 31± , 42 ± 6" 37 ± 5 59 ± 13' 55 ± 11
Citrulline 78 ± 5 78 ± , 9J. ± 12 89 ± 15 151 ± 33' 122 ± 10
Arginine 256 ± 34 227 ± , 210 ± 24b 257 ± 26 278 ± 50 198 ± 33
Ornithine 94 ± 12 76 ± 5 89 ± 7 97 ± , 153 ± 77 124 ± 57
Taurine 436 ± 62 356 ± 321 328 ± 17b 487 ± 18 551 ± 204 476 ± '0
Hydroxyproline 8J. ± 28 23 ± 6' 34 ± 6' 54 ± 11 70 ± 32 68 ± 34
Total 4507±504 37JO± 611 444J±299c 5191±488 7597±3J.04 5962±1920
The value of aspart~c aCJ.d, which includes glutathione, J.s omitted from the table.
Table 3.3.B Arterial Blood Concentration of Free Amino Acids (9-24 hr) Blood
was collected from the lower abdominal aorta at the bifurcation' into the iliac
arteries of the fasted rats treated with .f,;.~ LPS (3 mq/kg, Lp.) or sterile saline
(J ml/kg, Lp.). Values are mean ± so with the number of rats in parentheses.
significant difference was determined as the two-tailed P value less than 0.05 by
unpaired t-test (superscript d vs. the time-matched saline-controls).
9 hr 9 hr 12 hr 12 hr 24 hr 24 hr
Amino Acid Control Endotoxic Control Bndotoxic Control El'ldotoxic
(nmoljml) (n-3) (n-3) (n-4) (n-4) (n-7) (n-7)
Alanine 348 ± 77 1621 ± 884d 388 :t 29 597 ± 212 250 ± 25 543 ± 16d
Glycine 353 ± 31 772 :t 282" 344 ± 24 361 ± J8 297 ± 11 274 :t 37
Threonine 171 ± 35 504 ± 146" 215 :t 22 241 ± 51 156 ~ 12 172 ± 33
serine 234 ± 16 431 ± 156 235 :t 27 209 ± 28 197 :t 15 195 1: 20
Cysteine 4S ± . 58 ± 8 45. • 55 • 14 J4 • 5 32 • 1Asparagine 52 ± 3 120 ± 58 61 ± 15 64 • 10 35 ± ,10 59 ± lad
Glutamic Acid 299 ± 17 312 ± 72 303 ± 44 229 ± 37 234 :t 15 193 ±
.'Glutamine 526 ± 5 827 ± 303 556 ± 53 637 ± 39 562 ± 54 564 t 17
Histidine 51 ± 6 202 ± 92' 56 • 2 84 • 33 59 • 6 68 • 3
Proline 102 ± 15 337 :t 175 125 ± 7 151 ± 53 80 ± 13 132 ± 13d
Valine 166 ± 4 424 ± 63' 189 ± 30 245 ± 30 166 ± 20 197 ± 30
Leucine 112 ± 6 330 ± 52' 126 ± 20 186 :t 12' 134 ± 23 141 ± 28
Isoleucine 82 • 2 154 :t 23' 90 :t 16 108 :t 15 88 ± 12 81 ± 18
Lysine 512 ± 67 H09 f 720 592 f140 547 f 150 467 ± 29 430 ± 43
Methionine 82 ± 7 229 ± 167 86. 6 120 f 38 45 • 2 67 • 9'
Tyrosine 77 ± 13 344 ::t: 197 77 ::t: 14 94 • 27 67 ::t: 11 7•• 0
Phenylalanine 63 ± 3 174 f 45' 66 ± 2 112 ± 27' 65 ± 19 91 ± 2
Tryptophan 30 ± 5 70 ± 13' 38 ± 11 45 • 3 38 • 5 40 ± 3
Citrulline 76 ± 15 186 ± 16' 70 • 6 126 f 6 56 % 5 .52 ± 10
Arginine 179 ± 30 194 ±
"
209 :t 46 196 :t 41 175 ± 12 220 :t lId
Ornithine 78 • 9 258 ± 145 87 :t 16 92 • 16 80 ± 13 86 ± 5
Taurine 427 ± 34 751 ± 88' 4.51 ± • 489 ± 16~ 360 ± 26 182 ±
.'Hydroxyprol ine 53 ± 3 99 ± 31' 68 ± 12 36 • 12' 34 ± 14 19 ± 0
Total 4413±255 lO178::t:367Sd 4858t407 5295± 765 4067±225 4228±266
The value ot aspart1.C acia, WhIch l.nc1udes qiutathIone, is omItted' trom the tahle.
controls which remained the same as the O-hr controls. The
increased amino acid levels fell after 9 hr and finally
returned to the pre-injection level at 24 hr (Tabl. 3.3.8).
This biphasic pattern of the changes in blood amino
acid spectrum mirrored the changes in plasma glucose
concentration, which peaked at 1 hr (hyperglycemia) and
decreased most profoundly at 9 hr (hypoglycemia) (Figure
3.2.A and Tabl. 3.2.A).
On the other hand, the significant increase of Phe/Tyr
ratio in the endotoxic rats was also remarkable. The
Phe/Tyr ratio at 0 hr was close to 1. Both blood Phe and
Tyr levels in the endotoxic rats tended to increase after 3
or 6 hr but this trend was more marked in Tyr level, so the
Phe/Tyr ratios were all less than 1 at 6, 7.5 and 9 hr. At
12 hr and 24 hr, blood Phe level in the endotoxic rats
significantly increased while Tyr level did not change, the
mean Phe/Tyr ratios at 12 hr (l.l9) and 24 hr (1.23) were
significantly higher than either the O-hr group (0.97) or
the time-matched controls (O.86 at 12 hr; 0.97 at 24 hr).
At the same time, tlle total amino acid levels in the
endotoxic and controls rats were similar (Table 3.3.A and
3.3.D) •
Cbanqe. in Portal and Aortic Blood Flow R3.te
The alterations in energy metabolism during endotoxemia
often occurred with hemodynamic changes (Lang .!rt ill., 1985).
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Table 3.4 shows the rate of blood flow in the portal vein
and lower abdorllinal aorta of the fasted endotoxic rats.
Twenty-four hr after endotoxin treatment, the portal blood
flo.. was depressed by 39\ compared to the tiae-matched
controls. The flow in the lower abdominal artery was also
only about half that in the controls, poeoibly reflecting a
decreased cardiac output. No significant difference was
found between the fasted saline-controls and normal fed
groups.
Changes in ~h. Mass of Visoeral Organs and Skeletal Musr.JIs8
Enlargement of liver and spleen was visually noticeable
during the laparotomy 24 hr after endotoxin treatment.
Therefore we removed and weighed the heart, kidneys,
intestines, left soleus muscle and left extensor digitorull
longus (EDL) muscle, as well as the liver and spleen, so as
to determine the effect of endotoxin administration on the
mass of visceral organs in our animal lIOdel. This was done
at both 24 hr and 48 hr after endotoxin injection. The
total mass of various organs was expressed as the relative
weight (percentag.e of the body weight at sacrifice) (Table
3.5) .
(1) Heart, intestines, left soleus and left EDL
muscles. At 24 hr, the heart mass of end~~toxin-injected
rats was neither significantly different from their time-
matched saline-controls nor frolll the O-hr uninjected
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Table 3." Portal and Aortic Blood Plow Rate Fasted
rats treated with .E.. QQli LPS (J mg/kg, Lp.) or sterile
saline (3 ml/kg, Lp.) were examined 24 hr after treatment.
The untreated rats fed !!f!. I ibitum were examined at the same
clock hour as the other two groups. Values are mean ± so
with the number of rats in parentheses. a p<O.OOl vs.
saline-controls; b p<O.OOl vs. Normal fed group (by ANOVA
plus Bonfferroni t-test).
Flow Rate Normal Fed Saline-Control Endotoxic
(mljmin) (n=5) (n=8) (n=8)
Portal Vein 27.7 ± 2.8 24.2 ± 3.1 11.5 ± J.4 ab
Abdominal
Aorta, Lower 13.4 ± 2.1 11.2 ± 1.8 6.8 ± 1.2ab
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Table 3.5 Loss of Body Weight and Cbanges in Relative
weight of Visceral Organs and Skeletal Muscles Data were
obtained during two separate experiments from the fasted
rats treated with ~. £.Q.li LPS (3 mg/kg, Lp.) or sterile
saline (J ml/kg, lop.). The organs and muscles were removed
by open biopsy after anaesthesia with sodium pentobarbital
(60 mg/kg, Lp.). Values (% of body weight) are mean ± so
with the number of rats in parentheses. Significant
difference was determined as the two-tailed P value less
than 0.05 by unpaired t-test (supl;!rscript a vs. 0 hr; b vs.
the time-matched controls).
Saline-Control Endotoxic
Final B.W. (g)
24 hr 305 ± 17 (4) 295 ± 14 (6)
48 hr 296 ± 13 (3) 309 ± 10 (3)
Loss of B.W. (t)
24 hr 6.96 ± 0.21 (4) 8.44 ± 1.31 (6)b
48 hr 12.41 ± 0.81 (3) 13.76 ± 0.31 (3)b
Heart (t)
o hr 0.40 ± 0.02 (4)
24 hr 0.39 ± 0.02 (4) 0.41 ± 0.03 (6)
Intestines (t)
o hr 3.45 ± 0.34 (4)
-
24 hr 2.99 ± 0.17 (4)' 2.67 ± 0.15 (6)'b
Muscles.. (t)
o hr 0.081 ± 0.005(4)
24 hr 0.076 ± 0.005(4) 0.074 ± 0.002 (4)8
Liver (t)
o hr 3.13 ± 0.32 (3)
24 hr 2.82 ± 0.07 (4) 3.69 ± 0.19 (6)1Ib
48 hr 2.56 ± 0.11 (3) 3.82 ± 0.53 (3)b
Spleen (t,
o hr 0.25 ± 0.06 (3)
24 hr 0.22 ± 0.02 (4) 0.26 ± 0.04 (6)
48 hr 0.20 ± 0.03 (3) 0.37 ± 0.05 (3)8b
Kidneys (t)
o hr 0.71 ± 0.04 (3)
24 hr 0.71 ± 0.04 (4) 0.85 ± 0.08 (6)8b
48 hr 0.72 ± 0.03 (3) 0.84 ± 0.04 (3)8b
• From pylorus to caecum with diqesta .
•• Isolated soleus and extensor digitorum longus muscle.
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controls. A decrease in the mass of intestines of
bothendotoxic (by 23\) and saline-control rats (by 13%) from
a-hr controls was to be expected since the luminal contents
of intestines decreased due to the digestion of food and the
discharge of faeces after the rats were fasted for 24 hr.
However, the significant difference between the endoto>o:ic
group and their time-matched controls, whicb equals about
1.1 9 more loss in tbe mean mass of tbe intestines in
endotoxic rats during 24 br, suggested that the wasting of
the intestinal wall itself was exaggeratea after endotoxin
administration. The lnass of two isolated muscles tended to
reduce in both endotoxic rats and saline-controls at 24 hr,
but only the decrease (by 18%) in endoto>o:ic group was
significant compared to the a-hr controls (Table 3.5).
(2) Parenchymal organs. In contrast to the decrease
in the mass of intestines and isolated muscles, the mass of
kidneys in the endotoxic rats significantly increased at 24
hr (by 20%) and at 48 hr (by 18\) compared to both the a-hr
controls and their time-matched controls, While the values
in saline-controls lIla.t.ntained essentially unaltered during
48 hr. Tbe splenic mass was also constant in the controls,
but in the endotoxic group, it dramatically increased after
48 hr compared to both the time-matched controls (by 85\)
and the O-hr controls (by 48%). The hepatosomatic index,
the relative weight of the liv·.r, in the endotoxic rats
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increased by 18\ at 24 hr and by 22\ at 48 hr, whereas it
decreased by 10\ and 18\ in the saline-controls at the same
tille, as compared to O-hr uninjected controls. The
hepatosomatic index was 31\ and 49\ higher in the endotoxic
rats than that in their time-matched controls, which equals
about 2.5 and 4 9 aore wet weight at 24 hr and 48 hr,
rt!spt!ctively ('rable '.S).
Toporal Increa.e of the Repatic Ka•• after BndotoziD
AdaiDiatratlon
Figure 3.3.A-3.3.C shows that the total liver mass,
hepatosomatic index and body weight increased time-
dependently after endotoxin administration during the same
time-course experiment in which the blood or plasma
concentration of fuel substrates was also determined (Pigure
3.2.A-3.2.1' and Table 3.2.A-3.2.7). During the 48-hr tille-
course, the endotoxin-treated rats lost slightly more body
weight (13.34 ± 0.47\) than the saline-control rats (12.76 ±
0.81\) (I'igure 3.3.C). Six hr after endotoxin
administration, the mean hepatosoIlatic index in the
endotoxic rats (3.19 t 0.15) was not significantly different
from the O-hr uninjectt!d controls (3.19 ± 0.60) and the
tillie-matched saline-controls (3.05 ± 0.23). At 24 hr,
however, the hepatosomatic index of the endotoxic rats
increased by 9.4\ but it decreased by 18.2\ in the saline-
controls, as compared with the O-hr controls. During the
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Pigure 3.3.A-3.3.C Temporal Changes in Body weigbt, Liver
weight and Bepat080lllatic Index During " 48-hr Tille-Course
The livers were removed by open biopsy from the fasted rats
treated with ,E.. QQ1i LPS (3 mg/k.g, Lp.) or sterile saline
(3 ml/kg, Lp.). The mean initial body weights were 321 ±
36 9 and 332 ± 28 9 for the endotoxin-treated (.) and the
saline-control (0) rats (n=19), respectively. Values are
means ± so with 3··5 rats in each group at various times,
except 7 rats for each group at 24 hr. 11 p<O. 05, 1111 p<O. 01,
*** p<O.OOl vs. the time-matched controls (two-tailed P
values by unpaired t-test).
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second 24 hr, '.;he endotoxic group maintained the similar
hepatosomati::: index; whereas the saline-control group had a
fu ..-t;her decrease by 11.5\, giving a total decrease of 28%
during 48 hr. The hepatosoml:l.tic index in the endotoxic
group, at 12 hr (3.33:t 0.?-2). 24 hr (J.50:t 0.22) and 48 hr
(3.41 ± 0.68). was IH. 34\ and 48\ higher than their time-
matched saline-controls (2.91 ± 0.04: 2.61 ± 0.25: 2.31 ±
0.28) (Piguxe 3.3.B). This amounts to about 1.9, 2.6 and
4.0 g more in average wet liver weight, respectively,
compared to the saline-treated controls (Figure 3.3.A).
The doss (3 mg/kg, Lp.) of JL.~ LPg (0127:88) used
in thi~ study is sublethal. It is p.quivalent to 1/10 of the
subcutaneous LO<;'"' dose (Jepson ~ li., 1987) and between the
intravenous L0')5 (10 mg/kg) and LOID (1 mg/kg) dose (Lang !ll,.
.5l.1. •• 1985) reported for the same serotype of LPg. It
resulted in 5% lethality (LOs) in the rats within the first
24 hr. All of the rats that died had initial body weight
less than 300 g. They all died in the first 12 hr. The
characteristic signs of LPg toxicity, such as piloerection,
anorexia, lethargy, diarrhea and chroDlodacryorrhea (pacitti
!tl;. ll., 1992), were evident in the injected animals.
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The reason for the absence of the typical febrile
response in our animal model is unclear. It may be
attributable to the different route and dose of endotoxin
administration. The intravenous administration of endotoxin
was reported to induce a dose-dependent febrile response
(9&oca n li., 1974; BplaviDski ~ Al., 1977). Severe
lethal doses (10 and 1.0 mg/kg, 1.v.) of endotoxin resulted
in a sustained hypothermia (-1.5 to -2.0 °c) which occurred
immediately, while relatively milder, nonlethal doses (0.1 -
0.001 mg/kg, i. v.) elicited a two-hour delayed hyperthermia
(1. 0-1. 5 °C) (Lanq n .ill., 1985). The relatively slower
absorption of LPS via intraperitoneal injection might
compromise both extremes of the response.
The decrease in spontaneous food intake (anorexia) is
well known in stress states, particularly in infections.
Anorexia results in fasting, Which, together with other host
neurohormonal response to the stress, will mobilize
endogenous carbohydrate, lipid and protein reserves to
provide energy and precursors for the increased hepatic
synthesis of proteins. This has been suggested to have
beneficial significance. A possible explanation for
anorexia is the inhibition of gastric empyting due to the
constriction of the pyloric sphincter by TNF-a (Evans £t
al., 1989; PattoD tl li., 1987) with resulting gastric
-;iistention. since endotoxic rats fed A4 llii.tYm eat much
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less (riqur. loLA), the normal fed rat is not an
appropriate control. Therefore, the definitive model
determined for this study involved fasted endotl1xic rats and
fasted saline-injected contruls. A group of normal fed rats
was also included in each experiment.
Al though data on turnover or the net flux of metabol ic
fuels were not available in this study, the temporal changes
in arterial plasma fuel substrates, such as plasma glucose,
lactate, pyruvate, long-chain fatty acids and blood amino
acidS, essentially agree 'With the well documented metabolic
response to sepsis and endotoxemia (Beisel, 1975: WarreD ti
ill., 1981: Watters tl wilmore, 1989), in particUlar glucose
dyshomeostasis and enhanced peripheral proteolysis. In our
animal model, those alterations were evident after LPS
administration, becaml;: prominent during 6-12 hr and subsided
but were partly evident until 24 hr (Figure 3.2.A-3.2.1 and
Tablfl 3.2.A-3.2.Pj.
Glucose dyshomeostasis and depressed hepatic blood flow
(Table ~.2.A and Table 3.4) developed as "ebb phase" signs
indicating that the LPS challenge to our animals is quite
severe. Hypoglycemia fOllowing the early hyperglycemia have
been known to occur upon intravenous injection of a high
dose of LPS to animals (Lang st y., 1985). The initial
hyp-=:rglycemia, primarily from glycogenolysis, is a direct
consequence of the elevated rate of glucose appearance
'2
c.xceeding an increased rate of glucos"l disappearance (Wolf.
II Al., Lell, .c.t. Al., 1985). The subsequent hypoqlycemia is
attributed to an inability of hepatic gluconeogenesis to
maintain blood glucose levels in the face of glycogen
reserves which are depleted while peripheral glucose uptake
and utilization rates are ~intained or even enhanced (Wolfe
.c.t. Al., 1977). In our animal model, the hypoglycemia was
most profound at 9 hr post-injection, while plasma pyruvate
and lactate as well as the levels of blood total amino acid,
Ala and other glucogenic amino acids all remained high
(Figure 3.2.1.-3.2.0, Ta.ble 3.2.A-3.2.C and Table 3.3.B).
studies into the cause of impaired gluconeogenesis have
determined that endotoxin blocks the glucocorticoid
induction of gluconeogenic enzYJIles, such as glucose-6-
phosphatase, fructose-I,6-diphosphatase, phosphoenolpyruvate
carboxyJdnase and tryptophan oxygenase (Shackleford n ill.,
1986) .
Endotoxin-induced alterations of carbohydrate
metabolism have also been attributed to hemodynamic
impairlllents. only endotoxin administration at a dose that
disturbs the hellodynamic status has been reported to affect
glucose kinetics (L&DCJ n .Al., 1985). The hypoglycemia that
occurred in our animal model 9 hr atter the endotoxin
injection (Fiqur. 3.2.1. and Tal)le 3.2.1.) could partially
have resulted from a decreased hepatic blood flow due to
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impaired cardiac output and/or lower .ean arterial blood.
pressure. ~creased liver perfusion after endotoxin
treatlllent could reduce the metabolic clearance of major
gluconeogenic precusors ouch as pyruvate, lactate, olanine
in the liver, since the hepatic blood. flow, as well as the
substrate extraction, determines the efficiency of
gluconeogenic substrate clearance by the liver (MCGuinn•••
.i.t. 8pit••r, 1984). However, Pacitti .!It Al. (1992) reported
an increase of 59\ in total hepatic blood flow, as a result
of a 2. 5-fold increase in hepatic arterial flow and
unchanged portal flow, 12 hr after rats were treated with :;. .
.c.2l.i. LPS of the same serotype at a higher dose (7.5 mg/kg,
Lp.) than that we administered. Our data on the aortic and
portal blood flow, which indicated an decrease in both, were
obtained at 24 hr after endotoxin injection (Table 3.C).
Although the hepatic arterial blood. flow is not available,
the net change in the hepatic blood flow is expected. to
decrease the liver perfusion in our animalS, since portal
blood flow normally accounts for about 7St of total hepatic
blood flow. However, depressed plasma glucose level
returned to normal and the elevated plasma lactate, pyruvate
and blood Ala became much lower, although still
significantlY higher than the corresponding controls, during
the second 12-hr after endotoxin injection (Figure 3.2.8-
3.2.C, 'l'abl$ 3.2.B-3.2.C and Table 3.3.8). These seem to
••
arque against severe impairment of hepatic clearance due to
a poor liver perfusion between 12 hr and 24 hr after
endotoxin injection.
Data in rlqure 3.2.B-3.2 •• and 'fable 3.2.B-3.2 ••
plasma levels of lactate, pyruvate, acetoacetate and &-
hydroxybutyrate also give information on the adequacy of
oxygenation of tissues. When tissues becollle hypoxic the
ratio of NADH/NAD increases both in t.."te cytoplasm of cells
and in mitochondria (Brosnan, 1970). The increase in
cytoplasmic NADH/NAO is indicated by an increase in the
ratio of lactate/pyruvate since lactate dehydrogenase is a
highly active enzyme that catalyzes a near-equilibrium
reaction in most tissues. An increase in llitochondrial
NADH/NAO is indicated by an increase in the ratio of
8-hydroxybutyrate/acetoacetate, at. least in liver where
&-hydroxybutyrate dehydrogenase catalyses a near-equilibriUlll
reaction in mitochondria. The plasma levels of lactate,
pyruvate, 8-hydroxybutyrate and acetoacetate generally
reflect tissue levels. It is significant, therefore, that
there were no major changes in the plasma ratio of
lactate/pyruvate and of 8-hydroxybutyrate/acetoacetate
during the 24-hr atter LPS administration. In particular,
the increase in plasma lactate, that occurred between 6 and
24 hr, was not accompanied by an increase in the
lactate/pyruvate ratio. It seems highly unlikely that our
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LPg protocol was accompanied by tissue hypoxia.
Hyperaminoacidemia after endotoxin injection (Table
3.3.8) reflects an algebraic sum of the changes, mainly in
the amino acid release from peripheral tissue (such as
skeletal muscle, intestines), and in the rate of utilization
by liver (as major substrate) for gluconeogenesis and
protein synthesis. An increase in blood Phe/Tyr ratio (at
12 and 24 hr) of the endotoxic group due to elevated Phe and
unaltered or decreased Tyr level (Table 3.3." and 3.3.8) is
an index of an enhanced release of amino acids from skeletal
muscles (Wannemacher, 1971; 1975a). The accelerated net
breakdown of skeletal muscle is supposed to provide amino
acids as the sUbatrates for hepatic gluconeogenesis and
protein synthesis, which is a major part of the host
metabolic response to infection (Millward, 1986). But this
also depends on the capability of the hepatic uptcdce of
amino acids. During the first 3 hr after endotoxin
injection, there was an initial depression (at I hr) in
blood amino acid level (Table 3.3."), as well as
hyperglycemia (at 1 hr). since the decrease in blood amino
acid level occurred at 1 hr after the treatment, it could
not be explained by the diminished dietary ir.take of protein
due to fasting. The studies on human subjects revealed that
the decrease in amino acids during the early stage of
infections was due to greater increase In the uptake of
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amino acids by the liver, relative to the release froll
skeletal muscle (l'eiqiD. n DaDqerfiellS, 1967: .eigin .t.t Al.,
1968; ••DJl._Ulobar n .Al.., 1972). Between 3 hr and 9 hr
after endotoxin injection, the blood total amino acid level,
as well as plaslIla lactate and pyruvate levels, was
increasing or rellained high while the plasma glucose level
was continuously decreasinq. This reciprocal change
suqgests a mismatch between an impaired. hepatic
gluconeogenesis due to the possible decrease in hepatic
uptake and the enhanced mobilization of gluconeogenic
precursors from the periphery. Between 9 hr and 24 hr after
treatment, the total blood amino acids in the endotoxic rate
decreased and eventually became similar to the levels of the
24-hr or O-hr controls. The blood Phe!Tyr ratio, however,
was still significantly higher (at 12 and 24 hr) than that
in the time matched controlS, indicating that the increased
muscle breakdown continued. The plas.a glucose level
restored and remained normal while plasma lactate and
pyruvate were decreasing. We could speCUlate that the
capabilities of the liver to handle the a.ino acids and
other gluconeogenic substrates might gradually recovered
during the second lZ-hr after the endotoxin injection
(Figura 3.2.A-3.2.C, Tab1.a 3.2.l\-3.2.C and Tab1.a 3.3.B).
Hypoketonemla (Pigura 3.2.D-3.2.1: and Table 3.2.D-
3.2. B) is characteristically observed in sepsis and
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endotoxemia. The concentration of blood ketones is inversly
related to the severity of the insult (Neufd4 §..t ill., 1980 f
Vary n li., 1986). Although it is known that liver failed
to enhance ketogenensis during carbohydrate deprivation in
sepsis and endotoxemia, the precise mechanisms of
hypoketonemia remain uncertain (Takeyuaa n ill., 1990).
Most evidence indicates that hyperlnsullnemia, rather than
lack of substrate or accelerated peripheral utilization of
fatty acids, results in the inhibited ketosis in infection
(Wann8lllacber n li., 1979; Neufeld II §.l., 1980).
Finally, the most interesting discovery during the
preliminary experildents was the increase in the mass of the
parenchymal organs after endotoxin administration. In
contrast to the decrease in the intestines and isolated
muscles, the mass of the liver, spleen and kidney,
increased markedly in thp. fasted endotoxic rats at 24 hr
and/or 48 hr compared to the O-hr untreated rats or the
time-matched saline-controls, whereas the loss of body
weight in the endotoxic group was only Slightly more than
that in the corresponding controls during 48 hr. The time-
course experiment revealed that the mean liver mass in the
fasted endotoxic rats remained almost unaltered while the
mean liver mass of fasted saline-controls decreased
continuously during 48 hr. This made the difference in both
the absolute and relative liver weiqht between the two
.S
groups, ....hich amounts to about 2-3 g wet mass, significant
at 12 and 24 hr after endotoxin treatment.
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CHAPTER 4
RESULTS AND D:ISCUSSION:
TNFa-HBDIATED EFPEC'1' OP )I. QQ.ki LP8 INCREASES
LIVER NASS AND HBPATOCYTB VOLUME IH n.YQ
Cb.p~.r" a••ult. aDd Discusaioll:
'1'HFa-Kadi.t.d Btt.ct ot J:.R2lJ. LP8 Incr•••••
Liver K.... aDd Hep.tocyte VolWle Dl~
Introduotion
The most striking result in our preliminary experiments
WlIS the marked increase in liver mass atter .s. £2li LPS
administration. We there tore decided to examine this
phenomenon in detail.
To confirtl the increase in the liver mass after
endotoxin injection, rut livers were removad by more
standardized surgical procedures - complete hepatectomy
instead of open biopsy. The endotoxin-treated and the
saline-treated controls were fasted as described in the
previous chapters, and a group of normal rats fed A.!l l.JJ2.itYlIl.
was also included. In all experi.ents the animals were
distributed to the three groups such that the initial body
weights of each group wp.re as si_ilar as possible. They
were all kept under the reversed light cycle in which tha
light-period was between 20:00-8:00. The food was removed
at 6:00-7:00 and endotoxin or saline was injected at 10:00.
Hepatectomy was performed 24 hr after the treatment. That
is also the time when the maximal difference of the liver
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weight, compared to the time-matched saline-controls,
occurred with less variation, during the previous time-
course experiment (I'igur. 3.3.1.-3.3.0). The livers in the
fed animals were removed at the same clock-time as for the
other two groups of treated animals.
Figure 4.1 shows the combined results from five
separate experiments using complete hepatectomy to rer.,ove
the liver. At 24 hr aftar treatment, the total liver mass
(11.36 ± 1.05 g) and hepatosomatic index (3.60 t 0.21) of
the endotoxic rats (n=21) were 25% higher than that of
saline-controls (9.09 ± 0.88 9 and 2.80 ± 0.27, n=19), but
not significantly different from the normal fed rats (11.4L
± 1.29 9 and 3.52 ± 0.36, n=9), whereas that of saline-
controls decreased by 21\ compared to the normal fp.d group.
The increase (25%) in the hepatosomatic index calculated for
the endotoxic livers removed by the complete hepatectomy was
slightly less than that (34%) shown in the previous
experiments using open biopsy technique (Table 3.3.A-3.3.D).
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Pigur. 4.1 Absolute and relative weight ot the rat liver
removed by hepatectomy The rats in FED group were
untreated and fed Asl.li..biJalm. Endotoxic group (ETX) and
saline-control group (CTR) was treated with .s. ~ LPg (3
mg/kg Lp.) and sterile saline (3 ml/kg, Lp.),
respectively. Results are the combined data from five
separate experiments in which the rat livers were removed by
complet:e hepatectomy, 24 hr after the treatment. The final
body weight at sacrifice for ETX, CTR and FED group was 314
± 15, 321 ± 22 and 325 ± 13 g, respectively. Values are
means ± SO with the number of rats in parentheses. *
p<O.001 vs. CTR group; @ p<O.OOl vs. FED group (by ANOVA
plus Bonferroni t-test).
15.0
10.0
5.0
0.0
Tolal
Liver Mass
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BlluH. and pbcmssiop
I • .22li LP8 Znor••••• Liver Kasa Do••-Dependently
J'iqur. 4.2.A-4.2.B sho.... the dose-dependence of the
endotoxin-induced change in the hepatic mass, measured in
fasted rats, 24 hr after treatment. The effect was
generally dose-dependent between 0.03 and 3.0 mg/kg i.p. A
dose of 0.3 mg/kg i.p.....as the minimal dose required to
introduce an unanlbiguous change in the liver mass. The dose
(3.0 mg/kg, Lp.) we used for all other experiments in this
study caused a large increase in the liver mass and was well
tolerated by the animals ....ith a mortality of less than 5% in
all experiments. The body weight loss by the animals was
also dose-dependent (l'iqure 4.2.C).
Mor. Water, Ratber '1'~aD More Dry Xaas, UDderlie. tbe LPS-
Induced Bffect OD H.patic MaS8
since water comprlses about 70% of the total liver
weight, we assumed that changes in water content of the
liver, rather than dry mass components, would account for
the dramatic changes in liver mass. Indeed, Figure 4.2.0
shows a doss-dependent increase in hepatic wet/dry weight
ratio. 'l'able 4.1 show~ changeF in water content and various
dry mass components. l:t is clear that the increased liver
mass in the endotoxic rats, compared with the saline-
controls, was largely due to increased water content.
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J'iqure 4.2.A-4.2.D Dose-response CQrve of the ohanges in
the liver aass, hepatosolDatic index, 1088 of body weight and
heptatic "et/dry "eight ratio after endotoxin adlllinistration
These studies were performed on the fasted rats at
24 hr after endotoxin administration at doses of 0.03-3.0
1TI9/k9, Lp. All values are means ± so with 3 rats for each
dose except 5 rats for 0.3 mg/kg and 1.0 mg/kg qroups. '"
p<0.05, "'''' p<O.Ol, "''''''' p<O.OOl (two-tailed P ,-"dlues by
unpaired t-te5t) for the endotoxic group (8) treated with
various doses va. the corresponding values of the same
saline-control group (n"'4). The dashed line (---)
represents the control values of liver mass (6.49 ± 0.79 g)
in panel A; he~atosomatic index (3.07 ± 0.38) in panel B;
loss of body lofeight (7.34 ± 1. 31') in panel C and liver
wet/dry weight ratio (2.25 ± 0.03) in panel D, respectively.
nc I/f--l~t/!o
6.0
50 L-~"",-~-'-'--~~
:~l' 1 1/133 _i_V!
32 - 1
31
30 ~~~~-w
0.01 0, I 10
E. Coli loPS {mg/kg. i.p.)
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Ta1)le 4.1. Total liv.r •••• ~ ••ter oontent aDd dry ••••
co.ponante of the liver MOr:lllal Fed group was untreated and
ted A1l~. Endotoxic and Saline-control ware fasted
and. treated with .ft. k2li LP5 (J mg/kg, Lp.) and sterile
saline (3 a.l/kg, Lp.). respectively. Values are lIIeans t SO
with the nUDber ot rats in parentheses. • p<O.Ol, ••
p<O.OOl vs. saline-Control group: t: p<0.001 vs. nOr:lllal fed
group: t p<O.OI vs. Endotoxic group (by ANOVA plus
Bonferroni t-test). a The glycogen data could not be
obtained from the salle livers as the other data since it
required freeze-clamping. The glycogen content per gram.
obtained in a separate experiment, vas lIultiplied by the
mean of the total liver mass tor each group.
Normal Fed Saline-Control
(n=-5) (n-8)
Endotoxic
(n-8)
Final
Body Weight (9) 32' ± 17 nSf 10 322 ± 12
Total r.iYer Mass
(/per liver)
wet Weight (9) 12.07 ± 0.66 9.60 ± o.nt. 11.78 ± 0.71'·
Hepatosollatic
3.66 ± 0.18"Index 3.71 ± 0.71 2.96 ± 0.26
Water (9) 8.53 ± 0.48 6.74 f 0.54t. 8.54 ± 0.61"
(') 70.34 ± 0.52 70.14 t 0.76 72.58 ± 0.89'·
Dry Mass (9) 3.54 ± 0.19 2.86 t 0.20* 3.24 ± 0.13"
Wet/Dry Ratio 3.41 ± 0.04t 3.36 ± 0.09 3.63 ± 0.13"
pry Mass Components
Glycogen (g)' 0.633 0.009 0.046
Lipids (g) 0.863 ± 0.091 0.676 ± 0.023* 0.783 ± 0.096'
Proteins (g) 1.620 ± 0.1091.368 ± 0.106* 1.540 ± 0.095'
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Twenty-four hr after endotoxin administration, the
water content in the whole rat liver was about 27% more than
that in the corresponding saline-controls, which is
essentially the same (about 26%) as the increase in the
total liver mass at 24 hr (Figure 4.1). The percentage of
.....ater content in the liver of endotoxic rats .....as also
significantly higher than in either the normal fed rats or
the saline-controls crable 4.1). The major components of
the dry mass are also given in Table 4.1. The dry mass,
which comprises about 30% of the total liver weight, was
0.38 g more in endotoxic livers 24 hr after treatment, but
this is obviously not enough to account for 2.18 9 increase
in the total liver weight, compared with saline-control
rats. It can be seen that protein, glycogen and lipids are
iJ ~ I slightly increased in the endotoxin-treated rats
compared to the saline-controls. A number of other studies
have also reported small increases (0.1-0.2 9 per liver) in
hepatic protein content after endotoxin administration
(Jepson §t Al,.., 1986) or in sepsis (Pedersen g.t. li., 1986;
Very n Kimball, 1992).
These data, therefore, demonstrated that the major
effect of Ii. £2li LPS, in terms ot increasing the liver
mass, compared with saline-controls, is to increase the
water content of the liver.
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'lb. Inor••••d S.patic W.t.r Cont.nt cannot }). Aocount.d for
by an Incr•••• in I!:xtrab.patoa.llular .at.r (Blood and/or
Int.r.titial 1'1uU)
The increase in the liver water content may result from
an increase in the volume of hepatocytes, nonhepatocytes,
blood or interstitial fluid, or any combination of these.
Since cells make up more than 80t of the total hepatic fluid
space and hepatocytes make up more than 90\ of the liver
cellular spaco (Blouin n li., 1977, also see UHepatic
Cellular Spaces" in Cbapter 1), we hypothesized that
hepatocellular space, the hepatic cellular space which
excludes blood cells, rather than extrahepatocellular space
(the total volume of plasma, blood cells and interstitial
fluid), ....ould be primarily :responsible for the change in the
liver mass. Tabl. C.2 contains data on the volume of the
major components of hepatic cellular spaces. The inulin
space was determined follo....ing inulin infusion and the
plasma space from the hepatic hemoglobin content, assuming
that the hematocrit of sinusoidal blood in the liver is the
same as that of vascular blood collected from the hepatic
portal vein. Since hepatic blood content and plasma volume
did not change after endotoxin injection , thus the blood
volume did not change ('l'abl. 4.2).
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'I'able 4.2 aepatic cellular and extracellular value The Normal fed group was
untreated and fed .AIl~. Endotoxic and Saline-Control rats were fasted and
treated with g . .lli1 LPS (3lllg/kg, Lp.) or sterile saline (J lIl1/kg, Lp.). The
calculation of the hepatic fluid spaces was detailed in MatholS. of CRAftER. Z •
• Extrahepatocellular volWlle was calculated by adding the mean volume ot the hepatic
interstitial space to the lIIean volW/le of the hepatic blood content for each group.
b Hepatocellular volume was calculated by substracting the mean volwae of the
extrahepato-cellular space trom the mean volume of the hepatic water content for each
group. Values are means ± SO with the number ot rats in parentheses. * p<0.05, *.*
p<O.OOl VS. Saline-Control group 1 t p<0.05, :$: P<O.001 VS. Normal Fed group (all by
ANOVA plus Bonterroni t-testl.
Final Body weight (g)
Total Liver Hass (9)
Hepatosomatic Index
Hepatic Fluid Spaces
(:ml/per liver)
Water Content
Inulin Space
Plasma Space
Interstitial Space
Blood Content
·Extrahepatoce11ular Vol.
~epatocellularVolume
Normal Fed
(n-4)
339 ± 19
13.76 ± 0.77
4.06 ± 0.26
9.72 ± 0.68
2.48 1: 0.41
0.99 ± 0.13
1.49 ± 0.29
2.04 t 0.24
3.53 ± 0.44
6.19 t 0.42
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Saline-Control
(n-5)
325 ± 20
10.08 ± O.67~
3.10 ± o.J4s
7.11 0.49t
1.57 o.u t
0.81 0.17
0.77 0.28
1. 79 0.29
2.56 O.3lt
4.55 O.40t
Endotoxic
(n-7)
326 ± 17
12.84 ± 0.51-
3.94 ± 0.40'-
9.36 ± 0.81'-
2.13 ± 0.42
0.87 ± 0.13
1.26 ± 0.49
1. 72 ± 0.22
2.97 ± 0.43
6.39 ± 0.89'
Table 4.2 shows that the total hepatic extracellular
space (inulin space), which is the liver fluid space
excluding all liver cells (hepatocytes and nonhepatocytes
including blood cells), in the endotoxic grclUp was not
significantly different froID that in the nOl:mal fed rats.
In contrast, there was a 37% decrease in this parameter in
saline-controls. The total hepatic extrahepatocellular
volume, which is the hepatic interstitial space plus blood
content (the volume of plasma and blood cells), in the
endotoxic rats (2.97 :1 0.43 ml/liver) tended to become
larger compared to that in the saline-controls (2.56 ± 0.31
1Il1/liver), however that was not statistically significant.
Even if we add this 0.41 ml increase in extrahepatocellular
space (i.~. 0.41 g more water) to the 0.38 9 of net increase
in dry mass (Table 4.1). we can only account for one third
(0.79 g) of the increase in the total liver lIlass (2.18 g).
These data support the idea that an increase in
extrahepatocellular space is not the primary source
responsible for the increase in the total liver mass of the
endotoxic rats.
Table 4.2 also shows the calculated increase in the
hepatic cellUlar volume by sUbstracting the
extrahepatocellUlar volume from the total volume of hepatic
water content. After endotoxin injection, the liver
extrahepatocellular volume did not significantlY change
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while hepatocellular volume increased by 40\ compared to the
saline-treated. controls. Compared to the untreated rats fed
ilS1 1..L.b.i..tYlI. the hepatocellular (by 26\) and extrahepato-
cellular (by 27\) volUlll.e decreased in parallel in the fasted
saline-controls. There were no significant differences
between the fasted endotoxic rats and the normal fed rats.
Since the hepatic content of osmotically active
solutes IllUst parallel the change in cellular volume, we
predicted that an increase in hepatic intracellular space
must be r£<flected in the hepatic K" content, the predominant
intracellular cation. Table 4.3 shows that total hepatic
content of K' in the endotoxic livers was 25\ higher than
the saline-controls and not significantly different from
that in normal ted rats. This percentage increase was
conparable in Ilagnitude to the increases in the total liver
DaBS (about 23\) and hepatic water content (about 27\)
(Table 4.1). Since about 97\ of hepatic K" ions are present
in intracellular space, this is a strong evidence suggesting
for increase in hepatic cellular space. There was also an
appreciable (25\) increase in the hepatic sodiWll content.
By mUltiplying the volume of inUlin space (mainly plasma
plus interstitial space) (Ta1Jle 4.2) by the plasma sodium
concentration (taken as 145 mH), we can calculate the mean
total extracellular sodium as 360 .umoles in the fed livers,
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Table 4.3 .epatio Content ot Pot...iua and Bo4i\1al
These data were obtained for the livers in which dry
maSB and water content were determined ('1able 4.1). Normal
fed qroup was untreated and fed w1~. Endoto>:ic and
Saline-control rats were fasted and treated with E. scill LPS
(3 mq/kg, Lp.) or sterile saline (J JIll/kg, Lp.). Values
are means ± SO with the number of rats in the parentheses.
* p<O.05; *** p<O.OOl vs. Saline-Control: t p<O.Ol;
* p<O.OOl vs. Normal Fed group (by ANOVA plus Bonferroni t-
test) .
NOrJllal Fed Saline-Control
(n'-5l (n"'8)
Endotoxlc
(n"'8)
Final
Body Weight 326± 11 325 ± 10 322 ± 12
(9)
9.60 ± 0.72* 0.71···Liver Hass 12.07 ± 0.66 11.78 ±
(9)
3.66 ± 0.18···Hepatosomatic 3.71 ± 0.71 2.96 ± 0.26
Index
Potassium 1018 ± 58 852 ± sot 1062 ± 86···
(paol/liver)
± 95·Sodium 466 ± '3 405 ± 42 51.(pmol/liver)
11.
229 "'lIole8 in the livers froll the saline-injected controls
and 309 Jllloies in the livers from the endotoxin-injected
rats. Subtracting these values froll the total hepatic
sodiull content one can estill-ate the intracellular sodium at
106, 176 and 195 Jltl!Oles per liver for the fed, saline-
control and endotoxin-treated rats, respectively. These
numbers include sodium within blood cells but this is
relatively minor. Thus fasting increased the intracellular
sodium concentration but it was not appreciably further
modified by endotoxin treatment.
Do.s Liver Becollle Bigger Sscaus. of Nor. Hepatocyt•• ?
As shown in Table 4.1 and Table 4.2, about one third of
the total (2.18 g) increase in the liver mass of endotoxic
rats, as co.pared to the saline-controls, can be accounted
for by the SUIl of the net increase of dry :mass components
(0.38 g) a.nd extrahepatocellular water (0.41 g). The other
two thirds of the change, therefore, lIuSt result frolll the
increase of the liver cellular space, i.jl. hepatocytes
and/or nonhepatocytes inClUding blood cells in the liver.
The total volume of nonhepatocytes (6.4\) in the liver is
very small compared to that ot hepatocytes (78-') (Blouin n
U" 1977). Since the hepatic blood content and plasma
volume did not significantly change atter endotoxin
injection (Table 4.3), an increase in blood cell volume can
be excluded.. Therefore, the increase in the total volume of
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hepatocytes must be the major source at the increase in the
liver mass after endotoxin administration. This could be
either due to an increased number of hepatocytes
(hyperplasia) and/or an increased volume of hepatocytes
(hypertrophy or swelling) .
The nWllber of cells (more strictly, the number of cell
nuclei) present in an organ or tissue can be est.imated from
its total DNA content, because of the constancy of the
quantity or DNA per nucleus in most organs and tissues or
mature animals (ED.BCO g Leblond, 1962). Data in Table C...
w~re obtained from the liver of male rats at 100-110 days of
age, at 24 hr after treatment. The total hepatic DNA
content of the saline-controls was not significantly
uifferent from the normal fed animals, although the latter
had significantly lower hepatic DNA concentration when
expressed per gram wet liver. The hepatic DNA content of
the endotoxic rats, however, increased by 14% compared to
the saline-controls or normal fed rats. This suggests an
increase in the number of liver cells after endotoxin
administration. An increase in hepatic DNA content after
endotoxin administration to intact rat has not been
reported. TNF-a has been reported to stimulate hepatic DNA
synthesis in Intact rat (7eiDg'old n y., 1988). The
increase in DNA synthesis is first seen at 20 h:- and peaked
at 24 hr after TNF-a treatment. However, the enhanced
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Tabl. 4.4 ••patio Dn Content Data were obtained in the
sallie experiment reported in Tabl. 4.1. The Normal fed group
was untreated and ted A.SI~. Endotoxic and Saline-
Control rats were fasted and treated with £. ~ LPg
(3 mg/kg, iop.) or sterile saline (3 ml/kg, Lp.). Values
are means ± SD with the nUmber of :..:ats in parentheses .
... p<O.OOI vs. Saline-control; i pC:O.Ol VB. Normal Fed:
t p<O.OS vs. Endotoxic group (by ANOVA plus Sonferroni
t-test) .
Normal Fed Saline-control Endotoxic
(n-5) (nsS) (n=S)
Final
Body Weight 32. t 17 32' t ,. 322 t 12
1.1
0.72* 0.71···Liver Mass 12.07 ± 0.66 9.60 t 11.7S ±
1.1
O.lS···Hepatosomatic J.71 ± 0.71 2.96 t 0.26 3.66 t
Index
Hepatic DNA
(mg/CJ liver) 2.15 ± O.16t 2.64 ± 0.21* 2.44 ± 0.09
(mg/per liver) 25.85 ± l.12t 25.21 ± 1.54 28.71 ± 1.55···
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hepatic DNA synthesis is localized in non-parenchymal cells,
which are clearly identified as Kupffer cells and some
portal tract cells, whereas the loW' level of DNA synthesis
normally found in hepatocytes remained unaffected (J'eiDg'old
n li., 1991). Therefore, the increase in hepatic DNA
content after endotoxin injection suggests an increase in
the liver cell numbers but does not necessarily represent
the proliferation in hepatocytes, the predominant hepatic
parenchymal cells.
Does Liver Become Bigger Becaus8 of Larger Hepatocyte. 7
The total hepatocellular volume was 3U larger after
endotoxin administration, compared to the saline-treated
controls (Table t.2). Thus if the increase (by 14\) in
hepatic DNA content (Tabl. t.t) represents an increased
number of hepatocytes, one \l'ould still expect a 15-20\
increase in average hepatocyte volume. If, as is likely
from the work of Feingold n li. (1991), the increased
hepatic DNA synthesis is restricted to non-parenchymal
cells, the hepatocyte volume would be expected to increase
even more. Therefore, we required additional independent
means of determining hepatocyte volume.
Morphometric analysis was, therefore, conducted to
estimate hepatocyte volume quantitatively. It involved
(~) measurement of the perimeter and transsectional area of
individual hepatocyte cell bodies in micrographic profiles
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of liver tissue. which are projected on the monitor, by an
image analysis system (Bioquant"'); (2) calculation of
hepatocyte volume froUl the transsectional area given by the
Bioquant™ system. riqur. 4.3 is a photograph, taken from
the micrograph projected on the BioquantT" system monitor,
showing the transsectional profile of hepatocytes from an
endotoxic liver. The solid circle represents tht:! outline of
a hepatocyte, i.§.. its perimeter. The perimeter of an
individual hepatocyte was the value directly measured by the
"blind" examiner and digitalize,i and integrated by the
BioquantTIl system to give the hepatocyte transsectional
area. Assuming one hepatocyte is an approximate sphere, the
volume (V) of an individual hepatocyte can be calculated
from its radius (r) by equation V c 4l1'"r3/3. Transsectional
are~ (A) of a hepatopyte cell body is integrated from its
perimeter by the Bioquant"l , and A = lfr2, the average r can
be calculated. By substitution of lfr2 in the equation V =>
4...~/3 with the A given by the BioquantTII , the equation can
be rearranged as V • 4rA/3. The hepatocyte volume (V) in
the morphometric data shown in this stUdy was calculated by
the equation V - 4rA/).
The shape or volume of hepatocytes mignt also vary with
the different histological locations or functional groups
(i·i' .. periportal or perivenous hepatocytes), their own
polymorphism during cell cycle and artefactual changes in
11'
Piqure 4.3 Trans.BetioDal profile ot bepatocyte. tro. aD BDdotoJ[ic liver
The photograph was taken from the video micrograph projected on the monitor of
the Bioquant'" image analysis system. It shows the transsectional profile of
hepatocytes from the portal area of an endotoxic liver under light microscope (X40).
The liver specimen was removed by open biopsy from the rat at 24 hr after ~. £2.ll LPS
treatment (3 mg/kg, i.p.). The specimen was immediately fixed in Karnovsky's
fixative (pH 7.4) and processed as described in Metbod in CHAPTER 2. The slide was
stained by toluidine blue. The micrograph was project~d with reversed enhancement to
minimize background interference and optimize contrast of the hepatocyte outline.
The solid circle is the visible cursor traced by the examiner on the screen. It
represents the perimeter of the hepatocyte being measured, which will be digitalized
and integrated by the Bioquant'" system at the si!!I.llle time to give the transsectional
area and hepatocyte shape factor. The transsectional area given by the BioquantTll
system will be used to calculate the volume of the hepatocyte by the procedures
detailed in the text.

cell shape during thepreparation of tissue slides. In
order to identity these possible non-specific changes in
hepatocyte volu.e, the following criteria were followed
during the aorphollletric stUdies: (I) The measurement at:
perilleter and transsectional area were restricted to those
hepatocytes located in portal area, i.A. the area distant
tram the center veins but proximal to the edges between two
adjacent hepatic lobules (this can be f!Iasily identified
under xlO magnitlcation). (2) The measurement oi perimeter
and transsectional area were restricted to those
mononucleate hepatocytes showing a clear and intact nucleus.
(3) The percentage of binucleate hepatocytes among all
measured hepatocytes were calculated for each liver. (4)
The distribution of transectional areas of all measured
hepatocytes was examined for each liver. (5) The hepatocyte
shape factor, ratio of the longest diameter over the
shortest diameter, of an individual hepatocyte body on the
transsectional profile was calculated for all hepatocytes
measured.
Table 4.5 contains the llorpholletric data for the livers
from the normal fed, saline- and endotoxin-treated rats.
since the other physical and biochemical investigations,
described in previous sections, lIIll suggested an increase,
compared to the saline-controls, in the hepatocellular
space, I used one-tailed t-test. Talll. 4.5 shows that the
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Table •• 5 Xorpbo••try of a.patocyt.. Normal fed group was untreated and fed M
~. Endotoxic and Salina-control rats were tasted and treated with ~. ~ LPS
(3 mq/kg, Lp.) or sterile saline (3 ml/kg, iop.). Values are means ± SO with the
number of rats in parentheses. - p<0.05 vs. Control (one-tailed P values, by
unpaired t-test); p>O.05 for .ultiple cOlllpari.one between any two groups for each
paraaeter (by ANOVA plus Bonterroni t-test). • Shape factor is the ratio of the
shortest diameter over the lonqest diameter of the hepatocyte body on transsection
protiles (0 .. a straight line, 1. .. a perfect circle) .
Binucleohe~atocyte (\) 8.0 t 2.6
(r) Average Radius (/Jm) 9.17 t 0.54
Longest Diameter (/Jm) 21.83 t 1.24
Shape Factor" 0.82 t 0.01
(P) Perimeter (,um)
(A) Area (Ilm21
Saline-Control Endotoxic
(n=4) (n-4)
60.78 ± 1.50 63.1.0 ± 0.90
246.2 :t 10.4 265.0 t 10.2-
2977 :t 189 3347 ± 202-
8.78 ± 0.19 9.09 t 0.17
20.96 ± 0.97 21.65 :t 0.20
0.83 ± 0.01 0.82 1" 0.01
11.1 ± 3.5 8.7 :t 3.4
3449 :t 585
Normal Fed
(n-4)
63.84 t 3.41
270.2 t 31.3
(.m')
Hepatocyte
Morphometry
(V) volUllle
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lIean transsectional area and the lIean volume of hepatocyte
was 8\ and 12\ larqer in the endotoxic livers than in the
livers froa saline-controls, respectively. Table .&.5 also
shows that the percentages of binucleohepatocytes among all
hepatocytes and the hepatocyte shape factors for the an1-lIa18
with the different treatments were not significantly
different. These data suggest that the signUicant
difference in the hepatocyte transsectional area between the
endotoxin- and saline-treated animals is not attributable tc.
the nonspecific variations due to hepatocyte polymorphism,
artefactual change in processing specimens. Therefore, the
increase in the hepatocyte transsectional area indicates an
increase in the hepatocyte volume.
The morpho.etrie data support the idea that larger
hepatocytes (hepatocyte hypertrophy) rather than aore
hepatocytes (hepatocyte hyperplasia) are mainly responsible
for the increase of hepatocellular fluid space, compared to
the saline-controls, after endotoxin administration.
'!be Bffect of .I.. R2l1 LPg OD the Liver Maaa and Hepatocyte
Voluae 'I. "ediated by THP-a
The pathogenesis of many well-known features of
endotoxenda, such as fever, systemic toxicity and shock,
acute phase protein synthesis and stress hormone secretion,
are mediated by cytokines, TNF-a in particular (Tracey II
Al., 1987; ••rr.n .tt Al., 1988). This raises the question
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as to whether the effect of .I.~ LPS on the liver mass
and hepatocyte voloe Is also aediated by cytokine TNF-a.
Therefore, we first eXi!Ulined whether the effect of LPS on
the liver mass and hepatocyte volume could be prevented by
the passive llU1un1%ation with antibodies against TNF-a.
Data in Tabla t., show that the liver mass in the endotoxic
rats pretreated with goat non-iDIIII.una IgG, which was chosen
as control for the TNF-a antibody, was 18-19' more than that
in the endotoxic rats pretreated with the goat anti-mTNFa
serum. Furthermore, the increased hepatic mass in this
experiment was also accompanied by a significantly greater
(by 20\) water content in the liver and a higher hepatic
wet/dry weight ratio. This recalls the data from animals
solely treated with .e..~ LPS ('l'able t.l and Fiqure
4.2.D). The SUbsequent morphometric study found that the
Ilean transsectional area and the mean volume of hepatocyte
cell bodies, in the endotoxic rats pretreated with non-
illlJDune IgG, was 11\ and 17' larger, respectively, compared
to the endotoxic rats protected by the specific anti-mTNFa
serum (TaJ:)le .... 7). The differences In the mean hepatocyte
transsectlonal area and the calculated mean hepatocyte
volume between the two groups were even more evident than
that introduced by LPS- and saline-treatment. These data
strong-Iy suggest that the effect of .e.. ~ LPS on the
hepatic mass <tnd hepatocyte volume are mediated by the
125
'l'ahle , '1'he effect of .pacific 'I'U-a utibod7 on the
liyer of .ndoto.in-tr.ated rat. The animals were
pretreated yith goat anti-lIlouse-TNFa serum (20 119/300 9 rat,
Lp.) (Anti-TNFa+LPS) or non-i_une goat IgG (20 mq/300 9
rat, i.p.) (Non-iDune IgG+ LPS) 2 hr prior to the treatment
of ~. ~ LPS (J _g/kg, i.p.). The median and left
lateral lobes, the two lRain lobes which account for 70\
of the total liver mass, were reTloved by partial hepatectomy
at 24 hr after LPS administration. Betore the partial
hepatectomy, a portion of the liver tissue vas taken from
the right lateral lobe for the morphometric analysis ot
hepatocytes ('l'ahle 4.71 •• The values at liver mass and
hepatosomatic index are of the median and left lateral
lobes. b The values in parentheses are the calculated liver
Jllass for the whole liver. All values are means ± so with
4 rats in each group. t p<0.05; * p<O.OI VB. IgG+LPS group
(two-tailed P values by unpaired t-tost).
Anti-TNFa
+ LPS
(n=o4)
Non-Immune
IgG + LPS
(n-4)
Final Body Weight (g) 284 :t 8 281 t •
Liver Mass (q) • 6.74 :I: 0.48" 7.92 :I: 0.50
be8.76 :I: 0.62) (10.30 ± 0.64)
Hepatosomatic Index • 2.37 ±: 0.17' 2.83 ± 0.25
b(3.08 ± 0.22) (3.68 ± 0.33)
Wet/Dry Weight Ratio 3.33 ± O.14t 3.55 ± 0.06
Liver Water Content (') 69.95 ± ~.34t 71.84 ± 0.49
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Table C. 7 NOrpboaetry of hepatocytea ill tbe elidotoKia rata
pretreatad witb or witbout apeoific 'I'D-a: u.tibodr. The
data were obtained from the same experiment as described in
Table C.t. The animals were pretreated with goat anti-
JIlouse-TNFo: senal (20 mg/300 9 rat, Lp.) (Anti-TNFa+LPS) or
non-i_une goat IqG (20 IDg/300 9 rat, Lp.) (Non-i1lUlune IgG+
LPS) 2 hr prior to the treatment of I. ~ LPS (3 JIg/kg,
i.p.). About 0.5 9 of liver tissue was re1llOved by open
biopsy before the ligature of hepatic blood. vessels for the
partial hepatectomy (Netbods in CJlAP'lBR 2), at 24 hr after
the LPS injetion. The liver specimen was immediately fixed
in Karnovsky' s fiX4tive (pH 7.4) and prepared as described
in Method. in COPTeR 2. The morphometry of hepatocytes wac
analysed by the BioquantTlI system. The relative
calculations were detailed in the previous section. Values
are means ± SD with" rats in each group. lJ P<0.05 va.
IgG+LPS group (one-tailed P values by unpaired t-test).
Hepatocyte Anti-TNFa Non-lllUllune
MorpholDetry + LPS IgG + LPg
(n"'4) (n"'",)
IP) Perimeter (~.) 64.06 ± 2.90 67.10 ± 2.30
IA) Area (101m2) 268.2 ± 16.7 297.2 ± 20.6-
IV) Vol\Ulle (IoIID'l 3378 ± 320 3966 ± 429-
Ir) Average Radius (P1ll) 9.17 :t: 0.28 9.63 ± 0.32
Longest Diameter (pal 22.17 ± 1.19 23.02 ± 0.57
Shape Factor 0.81 ± 0.03 0.82 ± 0.00
Binucleohepatocyte Il) 5.3 ± 2.1 4.8 ± 3.1
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cytokine TNF-a.
Increased production and serum level of TNF-a has been
observed in patients with various liver diseases with
detectable hepatomegaly (Bird n Al., 1990). Long-term
(Fong rt Al., 1989) or acute (Feingold ti; OrunteU, 1987)
administration of THF-o: to rats has also been reported to
cause hepatic hypertrophy. Our own data in Table 4.6 and
Table 4.7 demonstrated that the increase in the liver mass
and hepatocyte volume after endotoxin injection could be
prevented by the specific THF-a antibody. This led us to
question whether TNF-Q administration could reproduce the
effect of LPg on the liver mass and hepatocyte volume.
Table 4.8 shows that a bolus injection of rhTNF-a alone,
which is essentially LPS-free, could also cause a 15-16%
increase in the liver mass with significant increases in the
hepatic water content and the wet/dry weight ratio,
24 hr after the treatment. Feingold ~ Orunfe1d (1987)
reported a 20% increase in liver mass 17 hr after a single
rhTNF-a injection (25 119/200 9 rat, Lv.). The biological
activity (5 x 107 U/mg l of the rhTHF-o: they used is 10
times greater than ours (5 x 106 u/mg). The smaller
increase of the liver mass in our experiments may be
attributable to the slightly different experiment protocol,
the lower dose (25 ug/250 g, Lv.) and activity of rhTNF-a
that we used. Together with the data on anti-TNFa, this
12'
Table 'f'he .treot of rh'rJQ'-Q acsaiJliatratioll 011 the
Liver of Rat Anilllais were injected with rhTNF-a (25
J.l9'/2S0 9' rat, in 1.0 III pyrogen-free saline, 1.v.) or 1.0 ml
pyrogen-free saline via tail vein. The livers were removed
by hepatectomy 24 hr after the treatment. All values are
means ± SD with 4 rata in each group.• p<0.05, •• p<O.Ol
va. Saline group (the two-tailed P values by unpaired t-
test) .
Recombinant
Human TNF-a
(n-4)
Pyrogen-free
Saline
(0-4)
Final Body Weight (g) 244 ± ,. 244 t 7
Liver Mass (g) 9.58 t 0.80· 8.32 ± 0.75
Hepatosomatic Index 3.93 ± 0.25·· 3.40 ± 0.23
Wet/Dry Weight Ratio 3.26 ± 0.06· 3.15 ± 0.05
Liver Water Content Cg) 69.32 ± 0.58· 68.26 ± 0.58
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experiment strengthens the conclusion that TNF-a plays a
role in mediating the effect of ,E.. £2li LPS on liver mass.
Obviously it is necessary to investigate, in the future, the
changes in hepatocyte morphometry after rhTNF-a
administration. One would expect that the hepatocyte
transsectional area and hepatocyte volume should also
increase after rhTNF-a adlDinistration.
Why DO Hapatocyt.. Daco.a Largar Aftar I.. 22.U LPB
adlD,inlatration 1
Al t_hough the mechanism of hepatocyte enlargement has
not been directly determined in this study. the following
observations are relevant.
Our preliminary experiments revealed that the blood
flow of the portal vein and the lower abdominal aorta in the
endotoxic z'ats was dramatically depressed (39\ and SOl,
respectively) 24 hr after endotoxin injection (Table 3.4).
Poor perfusion and a reduction in oxygen supply to the liver
clmld impair the hepatic oxidative phosphorylation and ATP
production. This, in turn, could reduce Na+-K'"-ATPase
activity and result in the accumulation of Na' and Cl- ions
and a shift of extracellular water into cells (Fitcb n
Rink, 1983; Garrison ~ ill., 1982). One might therefore
expect that the increase in hepatocyte volume after
endotoxin injection could be hepatocyte swelling due to
impairment in energy metabolism. However, the hepatic
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concentration of adenine nucleotides in the endotoxic liver
was not significantly different froll the other two control
groups ('!'able t.t). Together with the results of the liver
potassiu content ('luI. 4.3), wbich increased by 251 after
endotoxin injection, these data argue against a mechanism of
cell swelling, illS a result of impaired hepatic oxidative
phosphorylation and ATP production. In addition, a recent
stUdy (Pacitti §.t .1.1., 1992) reported an net increase (59\)
in hepatic blood flow at 12 hr after the injection with LPS
of the sallle serotype (as the result of a 2.s-fold increase
in the hepatic arterial flow and unchanged portal flow). It
is quite possible, therefore, that the net change in hepatic
blood flow, at 24 hr, does not necessarily lead to decreased
liver perfusion even though the portal blood flow was
reduced. As discussed in Chapter 3, the values for blood
lactate/pyruvate and 8-hydroxybutyrate/acetoacetate ratios
throughout the 24 hr after endotoxin injection do not
suggest tissue anoxia. Therefore there is no reason to
suggest that the increased hepatocyte volume, after
endotoxin injection, is an artefact of impaired energy
metabolism.
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Tabl• .f,. 9 a.patia aana.ntratian of ad.nin. nualeotide.
Normal ted group was untreated and ted Ad. .l.1..b.i..t.Jm.
Endotoxic and Saline-control rats were fasted and treated
with E. ~ LPS (3 tIlg/kg, Lp.) or sterile saline (3 ml/kg,
i.p.). A portion of liver was removed by open biopsy 24
~.r after the treatment and rapidly freeze-clamped for the
a9say (see Methods in CHAPTER 2). Values are all means t so
with the number af rats in parentheses. p>O.O)5 for
comparisons between any two groups for ATP, AOP and AMP (by
ANOVA plus Bonferroni t-Test).
(~mol/per 9 Normal Fed Saline-Control
wet liver) (n-4) (n33)
ATP 3.83 ± 0.31 3.56 ± 0.21
AOP 1.18 ± 0.22 1.39 ± 0.08
AMP 0.24 ± 0.06 0.28 ± 0.01
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Endotoxic
(n=S)
3.35 ± 0.45
1.18 t 0.18
0.24 ± 0.07
Mobilization of amino acids frolll the periphery with a
concocitant increase at hepatic amino acid uptake and
protein synthesis are characteristics of infections
inclUding endotoxe.ia (Ro..Dh1att n Al., 1983; 1'0Dg n ill .•
1990) • Studies into the exchange of amino acids between
skeletal muscles and the liver in sepsis have shown that
both the release of allino acids from muscle and the uptake
of amino aoids by the liver were markedly increased
(Rosenblatt §..t. Al.• 1983). The cumulative transport of
amino acids by Na·-dependent transporters has been reported
to build up intra /extracellular amino acid concentration
gradients (see "Changes in amino acid transport" in
Cbapter 1). The accumUlation of amino acids and K", which
is pumped into hepatocytes by Na·/~-ATPase in exchange for
the Na4 co-transported with amino acids, can lead to
hepatocyte swelling (BiiustliDger .!it Al., 1990a; Biius8illger ~
t...Aq, 1991). Of course, the hepatic uptake of amino acids
is not only enhanced by tbe increased availability of amino
acids in the extracellular environllent (Coll.riDi n
OxaDdar. 1981; Biu••inger fi Al., 1990a), but also
stimulated by the cytokine TNF-a and glucagon, the two
important mediators during critical illnesses involving
sepsis and endotoxemia. TNF-Q has been shown to exhibit a
permissive effect in enhancing the stimulation of amino
acid transport by glucagon 'WarreD .fU.. il.• 1987). A marked
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increase in Na"-dependent amino acid transport by TNF-a in
Y.iY2 is, in part, mediated by the glucocorticoid hormones
(paoitti !it. Al., 1993). Alanine transport in hepatic
membrane vesicles has been reported to be stimulated in the
endotoxin-treated rat (pacitti n Al.., 1991). In our
animal model 24 hr after treatment, the blood L-alanine
level in the endotoxic rats was more than doubled that in
the saline-controls, and the hepatic content of both total
amino acids and L-alanine in the endotoxic rats were 64' and
270% higher, respectively, than the saline-controls ('table
".10). Thus, it is possible that the enlargement of
hepatocytes after endotoxin administration was due to the
enhanced hepatic uptake of amino acids, especially of L-
alanine, by the activation of Na"-dependent systems in the
liver.
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'rable 4.10 aapatio and blood total aaino acid and L-alanina concantration.
Normal fed group ....as untreated and fed Asl.lJ..b..i.tYID.. Endotoxic and Saline-Control rats
....ere fasted and treated ....ith E• .kQ!.i. LPS (3 mg/kg, Lp.) or sterile saline (J ml/kg,
Lp.). A portion of liver ....as removed by npen biopsy 24 hr after the treatment and
rapidly freeze-clamped. Blood ....as collected from the lo....er abdominal aorta at the
bifurcation into the iliac arteries. The extraction and assay procedures were
described in Mathod. in CRAPTBR 2) • Values are means ± so with the number of rats
in the parentheses. * p<O.OS, •• p<O.Ol vs. Saline-Controls: t p<O.OS VB. Normal Fad
o hr; .t: p<O.OOl VI>. Endotoxic (by ANOVA plus Bonterroni t-Test) .• Since total liver
mass was not available due to freeze-clampIng, the total amino acids and L-alanine
per liver ....ere calculated by multiplying the hepatic amino acid concentration by the
means of the total liver mass tor each group in the combined data shown in
I'iqure 4.1.
Normal Fed
Total AmiDoacids
Blood (umol/ml) 4.51 t 0.50(4)
Liver (um.ol/g) 15.17 :t 2.08(4)
(umol/liver)· 174
L.=AJ..onJ.no
Saline-Control
4.07 ± 0.23(4)
14.69 :t 2.40(4)
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Endotoxic
4.23 ± 0.27(6)
19.03:t 2.87(6)-
21.
Blood (UDIol/ml)
Liver (UJIlol/g)
(Ulloi/liver)·
0.35 t 0.04(5)~
0.77 :t a.IO(S)*'
8.84
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0.25 ± 0.03(3)t
0.57 :t 0.37(3)
5.18
0.54 ± 0.02(3)-
1.66 ± 0.65(3)·
18.86
GINlRaL PIBCD8BIOK
Intraperitoneal administration of E,. ~ LPG (0127:58)
to fasted rats increased total liver mass and hepatic water
content, temporally and dose-dependently, as compared with
the fasted saline-controls (Figure 3.3.A, 3.3.B and Figure
4.1). The effect of LPS on the liver mass could be
reproduced by rhTNF-a and prevented by Ilnti-mTNFo serum in
~ (Table 4.8 and Table 4.6). Our reSUlts are consistent
with other published studies on different animal models of
infection (see "Studies related to the increase of liver
mass" in Cbapter 1). These data suggest that an increase in
the liver mass appears to be a common TNF-o-mediated host
response after such stress stimuli as endotoxemia, sepsis,
trauma and chronic inflammation in either fasted or fed
rats.
Twenty-four hr after treatment, the absolute and
relative weight of the livers of fasted endotoxic rats
remained similar to those of the normal fed rats although
there was a significantly higher hepatic wet/dry weight
ratio and a higher water content. The water content of the
fasted saline-control rats was reduced by about 20\ with a
similar wet/dry weight ratio as in the normal fed rats
(Figure 4.1 and Table 4.1). The changes in wet/dry weight
ratio and water content suggest that the alteration in the
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total liver mas. after E. ~ LPS adlllinistration, while
still within the bounds of the changes that occur durinq the
shift between tastinq and fed states, must involve a
different process.
Although the increase in hepatic water content
accounted tor over 80t of the change in the liver aass
('1'abl. 4.1), less than 20t of this increase in the hepatic
water content was attributable to the increase in the
extracellular fluid space (mainly interstitial fluid)
('1'able 4.2). It suggests an increase in the hepatic
cellular space after endotoxin administration, which was
supported by a corresponding increase of hepatic K" content,
the predo_inant intracellular cation (Tabl_ 4.3).
systemic endotoxQlDia due to gut-derived or exogenous
endotoxin was reported to enhance liver reqeneration
quantified by (lH]thymidine incorporation into hepatic DNA
in rats with 671: hepatectomy (Cornell, 198515; 1985b).
However, exogenous endotoxin did not stimulate [la]thymidine
incorporation into hepatic DNA in intact rats (Cornell,
198515). This suggested to Leff.rt n Al. (1988) that the
enhanced hepatic DNA synthesis in the regenerating liver is
a "compensatory hyperplasia" after acute liver injury. In
our endotoxic animals, however, the activities of sp-rum
glutamate-pyruvate transaminase (SGPT) , an index of damage
in hepatic parenChYlllll, was not siqnificantly elevated at
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different 1; • .£.2l..i doses from 0.03 mg/kq, Lp. (22.6 ± 3.3
U/L) to 3.0 mg/kq, i.p. (30.0 ± 7.9 U/L) , compared with the
saline-controls (23.4 ± 4.8 U/L). No massive hepatocyte
necrosis was found in the liver histopathological
examination for the endotoxic rats. Thus, there is no
evidence of profound damage in hepatic parenchyma causing
"compensatory hyperplasia" so as to recover its capability
of degrading endotoxin (Corn.ll, 1981).
The cytokine TNF-a has been reported to mediate the
stimulation of hepatic DNA synthesis during liver
regeneration both in rats after partial hepatectomy (Akerman
tl y., 1992) and in intact rats (Peingold ~ .Al., 1988).
It ....as also proposed to be one of many putative
hepatotrophic factors, such as insUlin, glucagon, epidermal
growth factor, vasopressin, and triiodothyronine (Cornell,
1985a; reiD.gold tl Al,., 1988). In intact rats, the
enhancement of hepatic DNA synthesis follo....ing TNF-a
administration was shown to be a stimulation of Q.§ D.2.l£.2 DNA.
replication rathar than DNA repair in the liver (Feingold ~
Ai., 1988). A recent study (Faingold n Al.., 1991)
demonstrated that TNF-stimulated hepatic DNA synthesis is
localized in nonparenchymal cells including Kupffer cells
and some portal tract cells which are most likely bile duct
precursors, whereas the low level of DNA synthesis normally
found in parenchymal hepatocytes remained unaffected. This
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suggests that the increll,se in hepatic DNA content observed
by us after endotoxin administration may not represent
hyperplasia of parenchymal hepatocytes. The increased DNA
synthesis in non-parenchymal cells might be a common hepatic
infla_atory response involving mononuclear cell
accumulation and bile duct proliferation to systemic
illnesses such as sepsis and circulating toxins ('l'racey II
Al., 1988; J'aDlI At. Al., 1989; craiq, 1990). Since Kupffer
cells and all non-hepatocytes account for 35-40' of the
liver cell popUlation but only for 5-10' (2. U for Kupffer
cells) of the total liver fluid space (Blouia ~ Al., 1977),
they represent a large proportion of hepatic DNA but a small
proportion of intracellular space. Their proliferation may
account for the increase in the total hepatic DNA content
but the contribution to the increased total hepatic cellular
volume, if any, should be very limited. ThUS, larger
hepatocytes rather than more hepatocytes or other cells are
mainly responsible for the increase in the hepatic cellular
volume. Our -.orphometric data support this hypothesis.
However the mechanisms by which the volume changes come
about together vith their functional consequences remain to
be determined.
Insulin has been shovn in perfused liver, at
physiological concentrations of portal venous blood, to
affect the activity of volume-regulatory transport systems
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on the hepatocyte membrane, which secondarily results in
cell volume increase (BaUssing_r §..t. LaDg, 1991) (see
"Insulin and glucagon" in Cbapt_r 1). Insulin-induced
increase in hepatocyte volume was known to act like an
"anabolic signal II to inhibit glycogenolysis, glycolysis,
proteolysis, and to stimulate glycogen synthesis, amino acid
uptake and protein synthesis. Host of those features agree
with the hepatic metabolic changes in infection including
endotoxemia. On the other hand, hyperinsulinemia and
insulin-resistance are characteristic metabolic alterations
during trauma and/or sepsis (Watters n Wilmore, 1969). It
is therefore tempting to speCUlate that the enlargement of
hepatocytes after endotoxin administration is not merely a
pathological Ilswelling" but an adaptIve volume increase
modulated by insulin as a response to the altered metabolism
during emlotoxemia.
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80KJ0.R.Y UP CQJlCLQ8IOH8
1. A sIngle intraperitoneal injection of ~. £2.il LPS
(0127:88) at a sublethal dose (3 lIlg'/kq, LD,,> induces, after
24 hr, an increase in hepatic JDass of 25' in the fasted rat,
cOlllpared with corresponding saline-controls. This
phenomenon is generally tillle- and dose-dependent. It can be
reproduced by a single intravenous administration of
recombinant human TNF-Q and prevented by the intraperitoneal
injection of goat anti-mouse-TNFa serum.
2. In livers removed by complete hClpatectomy
24 hr after endotoxin treatment, th9 difference in the
absolute liver weight betveen the endotoxic group and their
corresponding saline-controls is 2.0-2.5 q, i.jl. 20-25' of
the total liver .ass of 300-350 9 rats. The absolute liver
weight and the hepatosoaatic index of the fasted endotoxic
rats remained similar to that of the nonal rats fed ASl
l.Uli:tYm, but with a significantly hiqher water content and
wet/dry weight ratio. The liver weight and hepatosolllatic
index of the fasted saline-controls were reduced by 20'
compared to the normal fed rats. There was no change in
water content on fasting_ This suggests that although the
change in liver mass after Ii.~ LPS treatment is similar
in magnitude to the changes which occurs in the usual
141
physiologic shift from fasting to fed state, it must be a
different process.
3. In the endotoxic liver, the hepatic water content
increases by almost the same extent as the increase in the
liver mass 24 hr after treatment, indicating that the effect
of 1.~ LPS is mainly on the hepatic water content,
rather than on tbe dry mass components.
4. only about one third (0.8 g) of the total increase
(2.18 g) in the hepatic mass can be accounted for by the net
increase (0.38 g) of the dry mass components plus the
blood/plasma and/or interstitial fluid (0.41 ml) in the
extrahepatocellular space, suggesting that an expansion of
the hepatocellular space is mainly responsible for the
increase in the liver mass of endotoxic rats. This is also
supported by the increase of hepatic 1<'" content by 25' in
the endotoxic rats. The hepatocellular space calculated
based on the extrahepatocellular space detennined in Y..iY.2
was 40' larger in the endotoxic rats.
5. A morphometric study demonstrates that the mean
transsectional area and the mean volume is 8% and 12%
larger, respectively, in the mononucleate hepatocytes from
the endotoxic livers, and 11% and 17' larger in that from
the livers of endotoxlc rats treated with goat non-immune
IgG, respectively, compared to their corresponding saline-
or goat anti-mTNFa-serum-treated rats. This supports our
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hypothesis that larger hepatocytes, rather than more
hepatocytes, are responsible for the increase in the
hepatocellular space.
6. The hepatic DNA content increases by 14i in the
endotoxic liver, compared with the saline-controls and the
normal fed rats, suggesting that an increase in the number
of liver cells also occurs after the treatment of .E. &.2.l..i
LPS. Whether the proliferation of hepatocytes (hepatocyte
hyperplasia) or non-hepatocytes (portal lymphoid hyperplasia
and/or lobule Kupffer cell hyperplasia as an inflatllJllatory
response) underlies the increase of hepatic DNA content
needs to be further defined.
7. Twenty-four hr after the treatment with £. &2l.i LPS,
the concentrations of hepatic adenine nucleotides in the
endotoxic rats are not significantly different from the
sal ine-controls and the nor:mal fed rats; and elevated total
amino acid and L-alanine level in both blood and the liver,
hyperlactacidemia, hyperpyruvacidemia, and hypoketonemia are
evident in the endotoxic rats. In addition, there is no
significant change in the activity of serum glutamate-
pyruvate transaminase (SGPT) and the plasma ratio of
lactate/pyruvate and B-hydroxybutyrate/acetoacetate during
the 24 hr after endotoxin treatment. These observations
argue against a "compensatory hyperplasia" resulting from
acute liver damage due to direct LPS toxicity or hepatocyte
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"swelling" due to tissue anoxia and impaired energy status
in the liver. Metabolic changes mediated by insulin,
glucagon, TNF-a and/or other "hepatotrophic factors" may be
responsible for the increase of liver mass after E. l:<.2li LPS
administration.
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